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Preface 


The present series of books has been produced based on the book “Biological 
wastewater treatment in warm climate regions”, written by the same authors and 
also published by IWA Publishing. The main idea behind this series is the sub- 
division of the original book into smaller books, which could be more easily 
purchased and used. 

The implementation of wastewater treatment plants has been so far a challenge 
for most countries. Economical resources, political will, institutional strength and 
cultural background are important elements defining the trajectory of pollution 
control in many countries. Technological aspects are sometimes mentioned as 
being one of the reasons hindering further developments. However, as shown in 
this series of books, the vast array of available processes for the treatment of 
wastewater should be seen as an incentive, allowing the selection of the most 
appropriate solution in technical and economical terms for each community or 
catchment area. For almost all combinations of requirements in terms of effluent 
quality, land availability, construction and running costs, mechanisation level and 
operational simplicity there will be one or more suitable treatment processes. 

Biological wastewater treatment is very much influenced by climate. Tempera- 
ture plays a decisive role in some treatment processes, especially the natural-based 
and non-mechanised ones. Warm temperatures decrease land requirements, en- 
hance conversion processes, increase removal efficiencies and make the utilisation 
of some treatment processes feasible. Some treatment processes, such as anaer- 
obic reactors, may be utilised for diluted wastewater, such as domestic sewage, 
only in warm climate areas. Other processes, such as stabilisation ponds, may be 
applied in lower temperature regions, but occupying much larger areas and being 
subjected to a decrease in performance during winter. Other processes, such as 
activated sludge and aerobic biofilm reactors, are less dependent on temperature, 


ix 


x Preface 


as a result of the higher technological input and mechanisation level. The main 
purpose of this series of books is to present the technologies for urban wastewater 
treatment as applied to the specific condition of warm temperature, with the related 
implications in terms of design and operation. There is no strict definition for the 
range of temperatures that fall into this category, since the books always present 
how to correct parameters, rates and coefficients for different temperatures. In this 
sense, subtropical and even temperate climate are also indirectly covered, although 
most of the focus lies on the tropical climate. 

Another important point is that most warm climate regions are situated in 
developing countries. Therefore, the books cast a special view on the reality of 
these countries, in which simple, economical and sustainable solutions are strongly 
demanded. All technologies presented in the books may be applied in developing 
countries, but of course they imply different requirements in terms of energy, equip- 
ment and operational skills. Whenever possible, simple solutions, approaches and 
technologies are presented and recommended. 

Considering the difficulty in covering all different alternatives for wastewater 
collection, the books concentrate on off-site solutions, implying collection and 
transportation of the wastewater to treatment plants. No off-site solutions, such 
as latrines and septic tanks are analysed. Also, stronger focus is given to separate 
sewerage systems, although the basic concepts are still applicable to combined 
and mixed systems, especially under dry weather conditions. Furthermore, em- 
phasis is given to urban wastewater, that is, mainly domestic sewage plus some 
additional small contribution from non-domestic sources, such as industries. 
Hence, the books are not directed specifically to industrial wastewater treatment, 
given the specificities of this type of effluent. Another specific view of the books 
is that they detail biological treatment processes. No physical-chemical wastew- 
ater treatment processes are covered, although some physical operations, such as 
sedimentation and aeration, are dealt with since they are an integral part of some 
biological treatment processes. 

The books’ proposal is to present in a balanced way theory and practice of 
wastewater treatment, so that a conscious selection, design and operation of the 
wastewater treatment process may be practised. Theory is considered essential 
for the understanding of the working principles of wastewater treatment. Practice 
is associated to the direct application of the concepts for conception, design and 
operation. In order to ensure the practical and didactic view of the series, 371 illus- 
trations, 322 summary tables and 117 examples are included. All major wastewater 
treatment processes are covered by full and interlinked design examples which are 
built up throughout the series and the books, from the determination of the waste- 
water characteristics, the impact of the discharge into rivers and lakes, the design 
of several wastewater treatment processes and the design of the sludge treatment 
and disposal units. 

The series is comprised by the following books, namely: (1) Wastewater 
characteristics, treatment and disposal; (2) Basic principles of wastewater treat- 
ment; (3) Waste stabilisation ponds; (4) Anaerobic reactors; (5) Activated sludge 
and aerobic biofilm reactors; (6) Sludge treatment and disposal. 
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Volume 1 (Wastewater characteristics, treatment and disposal) presents an 
integrated view of water quality and wastewater treatment, analysing waste- 
water characteristics (flow and major constituents), the impact of the discharge 
into receiving water bodies and a general overview of wastewater treatment and 
sludge treatment and disposal. Volume | is more introductory, and may be used as 
teaching material for undergraduate courses in Civil Engineering, Environmental 
Engineering, Environmental Sciences and related courses. 

Volume 2 (Basic principles of wastewater treatment) is also introductory, but 
at a higher level of detailing. The core of this book is the unit operations and 
processes associated with biological wastewater treatment. The major topics cov- 
ered are: microbiology and ecology of wastewater treatment; reaction kinetics 
and reactor hydraulics; conversion of organic and inorganic matter; sedimenta- 
tion; aeration. Volume 2 may be used as part of postgraduate courses in Civil 
Engineering, Environmental Engineering, Environmental Sciences and related 
courses, either as part of disciplines on wastewater treatment or unit operations 
and processes. 

Volumes 3 to 5 are the central part of the series, being structured according to 
the major wastewater treatment processes (waste stabilisation ponds, anaerobic 
reactors, activated sludge and aerobic biofilm reactors). In each volume, all major 
process technologies and variants are fully covered, including main concepts, work- 
ing principles, expected removal efficiencies, design criteria, design examples, 
construction aspects and operational guidelines. Similarly to Volume 2, volumes 
3 to 5 can be used in postgraduate courses in Civil Engineering, Environmental 
Engineering, Environmental Sciences and related courses. 

Volume 6 (Sludge treatment and disposal) covers in detail sludge charac- 
teristics, production, treatment (thickening, dewatering, stabilisation, pathogens 
removal) and disposal (land application for agricultural purposes, sanitary land- 
fills, landfarming and other methods). Environmental and public health issues are 
fully described. Possible academic uses for this part are same as those from volumes 
3 to 5. 

Besides being used as textbooks at academic institutions, it is believed that 
the series may be an important reference for practising professionals, such as 
engineers, biologists, chemists and environmental scientists, acting in consulting 
companies, water authorities and environmental agencies. 

The present series is based on a consolidated, integrated and updated version of a 
series of six books written by the authors in Brazil, covering the topics presented in 
the current book, with the same concern for didactic approach and balance between 
theory and practice. The large success of the Brazilian books, used at most graduate 
and post-graduate courses at Brazilian universities, besides consulting companies 
and water and environmental agencies, was the driving force for the preparation 
of this international version. 

In this version, the books aim at presenting consolidated technology based on 
worldwide experience available at the international literature. However, it should 
be recognised that a significant input comes from the Brazilian experience, consid- 
ering the background and working practice of all authors. Brazil is a large country 
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with many geographical, climatic, economical, social and cultural contrasts, 
reflecting well the reality encountered in many countries in the world. Besides, 
it should be mentioned that Brazil is currently one of the leading countries in the 
world on the application of anaerobic technology to domestic sewage treatment, 
and in the post-treatment of anaerobic effluents. Regarding this point, the authors 
would like to show their recognition for the Brazilian Research Programme on 
Basic Sanitation (PROSAB), which, through several years of intensive, applied, 
cooperative research has led to the consolidation of anaerobic treatment and 
aerobic/anaerobic post-treatment, which are currently widely applied in full-scale 
plants in Brazil. Consolidated results achieved by PROSAB are included in various 
parts of the book, representing invaluable and updated information applicable to 
warm climate regions. 

Volumes 1 to 5 were written by the two main authors. Volume 6 counted with the 
invaluable participation of Cleverson Vitorio Andreoli and Fernando Fernandes, 
who acted as editors, and of several specialists, who acted as chapter authors: 
Aderlene Inês de Lara, Deize Dias Lopes, Dione Mari Morita, Eduardo Sabino 
Pegorini, Hilton Felício dos Santos, Marcelo Antonio Teixeira Pinto, Maurício 
Luduvice, Ricardo Franci Gonçalves, Sandra Márcia Cesário Pereira da Silva, 
Vanete Thomaz Soccol. 

Many colleagues, students and professionals contributed with useful sugges- 
tions, reviews and incentives for the Brazilian books that were the seed for this 
international version. It would be impossible to list all of them here, but our heart- 
felt appreciation is acknowledged. 

The authors would like to express their recognition for the support provided 
by the Department of Sanitary and Environmental Engineering at the Federal 
University of Minas Gerais, Brazil, at which the two authors work. The department 
provided institutional and financial support for this international version, which is 
in line with the university’s view of expanding and disseminating knowledge to 
society. 

Finally, the authors would like to show their appreciation to IWA Publishing, for 
their incentive and patience in following the development of this series throughout 
the years of hard work. 


Marcos von Sperling 
Carlos Augusto de Lemos Chernicharo 


December 2006 
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I 


Activated sludge process 
and main variants 


1.1 INTRODUCTION 


The activated sludge process is widely used around the world for the treatment 
of domestic and industrial wastewater, in situations where high effluent quality is 
necessary and space availability is limited. However, the activated sludge system 
is more heavily mechanised than the other treatment systems, involving a more 
sophisticated operation. Another disadvantage is the consumption of electrical 
energy for aeration. 

To date, the largest application of the activated sludge system has been as a direct 
treatment of domestic or industrial effluents. More recently, the option of using 
the activated sludge system for the post-treatment of the effluent from anaerobic 
reactors is being investigated and used, by virtue of its various advantages. These 
are mainly associated with lower energy consumption and lower sludge production, 
while the effluent quality is comparable to that of the conventional activated sludge 
system. 

The present chapter describes the main configurations of the activated sludge 
system, with its advantages, disadvantages and applicability. 

The following units are integral parts and the essence of any continuous-flow 
activated sludge system (Figure 1.1): 


e aeration tank (reactor) 
e settling tank (secondary sedimentation tank) 
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Figure 1.1. Representation of the main units in the biological stage of the activated 
sludge system 


e sludge recirculation 
e excess sludge removal 


The biochemical reactions associated with the removal of the organic matter 
and, under certain conditions the nitrogenous matter, take place in the biological 
reactor (also called aeration tank). The biomass develops by using the substrate 
present in the influent sewage. The settling of the solids (biomass), which leads to 
a clarified final effluent, occurs in the secondary sedimentation tank. A part of the 
solids that settle in the bottom of the secondary sedimentation tank is recirculated 
to the reactor (return sludge), to maintain a large biomass concentration in the 
reactor, which is responsible for the high efficiency of the system. The other part of 
the solids (excess sludge, also called surplus sludge, secondary sludge, biological 
sludge or waste sludge) is withdrawn from the system and is directed to the sludge 
treatment stage. 

The biomass is separated in the secondary sedimentation tank due to its property 
of flocculating and settling. This is due to the production of a gelatinous matrix, 
which allows the agglutination of the bacteria, protozoa and other microorganisms 
responsible for the removal of the organic matter, into macroscopic flocs. The 
flocs individually are much larger than the microorganisms, which facilitates their 
sedimentation (Figure 1.2). 

As a result of the recirculation of the sludge, the concentration of suspended 
solids in the aeration tank in the activated sludge systems is very high. In the 
activated sludge process, the detention time of the liquid (hydraulic detention time) 
is short, in the order of hours, which implies that the volume of the aeration tank is 
much reduced. However, the solids remain in the system for a longer period than 
the liquid, due to the recirculation. The retention time of the solids in the system 
is denominated mean cell residence time (MCRT), solids retention time (SRT) or 
sludge age (0..), and is defined as the ratio between the mass of biological sludge 
present in the reactor and the mass of biological sludge removed from (or produced 
in) the activated sludge system per day. It is this larger permanence of the solids 
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Figure 1.2. Schematic representation of an activated sludge floc 


in the system that guarantees the high efficiency of the activated sludge systems, 
since the biomass has enough time to metabolise practically all the organic matter 
in the sewage. 

Another practical parameter used for the activated sludge process is the 
food/microorganism ratio (F/M ratio), which is defined as the load of food 
or substrate (BOD) supplied per day per unit biomass in the reactor (repre- 
sented by MLVSS — mixed liquor volatile suspended solids), and expressed as 
kgBOD/kgMLVSS.d. Since the microorganisms have a limited capacity to con- 
sume the substrate (BOD) per unit time, a high F/M ratio can mean a larger offer 
of biodegradable organic matter than the consumption capacity of the biomass in 
the system, resulting in surplus substrate in the final effluent. On the other hand, 
low F/M values mean that the substrate offer is lower than the microorganisms’ 
capacity to use it in the activated sludge system. As a consequence, they will con- 
sume practically all the organic matter from the influent wastewater, as well as 
their own organic cellular material. High sludge ages are associated with low F/M 
values, and vice versa. 

For comparison purposes, anaerobic UASB (upflow anaerobic sludge blanket) 
reactors also have biomass retention in the reaction compartment, where a sludge 
blanket is developed, receiving the influent sewage and part of the recirculation 
of the biomass. This recirculation is attained through sedimentation of the solids 
in the settling compartment, followed by return by simple gravity to the reaction 
compartment. On the other hand, in the activated sludge system this recirculation 
of the solids is obtained by means of pumping (continuous-flow activated sludge) or 
by switching on and off the aerators (sequencing batch activated sludge reactors, 
described in Section 1.2.4). As a result, both in the UASB reactor and in the 
activated sludge system, the time of permanence of the biomass is longer than that 
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of the liquid, guaranteeing the high compactness of the systems associated with 
their high efficiency. 

Due to the continuous input of substrate (BOD from influent sewage) into the 
aeration tank, the microorganisms grow and continually reproduce. If the microor- 
ganisms were allowed to grow indefinitely, they would tend to reach excessive 
concentrations in the aeration tank, hindering the transfer of oxygen to all the 
bacterial cells. Besides, the secondary sedimentation tank would be overloaded, 
and the solids would not be able to settle satisfactorily and would be lost in the 
final effluent, thus deteriorating its quality. To maintain the system in balance, it 
is necessary to remove the same amount of biomass that is increased by reproduc- 
tion. This is the biological excess sludge, which can be extracted directly from the 
reactor or from the return sludge line. 

In the conventional activated sludge system, the excess sludge needs to undergo 
additional treatment in the sludge treatment line, usually comprising thickening, 
digestion and dewatering. The digestion is to decrease the amount of biodegradable 
bacterial mass (that is also organic matter) that could otherwise render the sludge 
septic in its final disposal. When activated sludge is used as post-treatment for the 
effluent from anaerobic reactors, due to the fact that a great part of the organic 
matter has already been removed in the anaerobic stage, the aerobic biomass growth 
in the activated sludge is lower (less substrate available). In this variant, the sludge 
production is, therefore, lower. The treatment of the sludge is also very simplified, 
since the aerobic excess sludge from the activated sludge can be returned to the 
UASB reactor, where it undergoes digestion and thickening. 

The activated sludge system can be adapted to include the biological removal of 
nitrogen and phosphorus, now widely applied in several countries (see Chapters 6 
and 7). 

Regarding the removal of coliforms and pathogenic organisms, the efficiency 
is low and usually insufficient to meet the quality requirements of receiving water 
bodies, due to the reduced detention time in the units. This lower efficiency is also 
typical of other compact wastewater treatment processes. In case it is necessary, 
the effluent should be subjected to a subsequent disinfection stage. Due to the 
good quality of the effluent, the chlorine demand for disinfection is small: a con- 
centration of a few mg/L of chlorine or its derivatives is enough for a substantial 
elimination of pathogens in a few minutes. As in every wastewater chlorination 
system, the possible need for dechlorination should be analysed for the reduction 
of the residual chlorine concentration, because of its toxicity to the receiving body 
biota. UV radiation is also attractive, due to the low level of suspended solids in 
the effluent from the activated sludge systems. 


1.2 VARIANTS OF THE ACTIVATED SLUDGE PROCESS 
1.2.1 Preliminaries 


There are several variants of the activated sludge process. The present chapter 
focuses only on the main and more commonly used ones, which can be classified 
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Table 1.1. Classification of the activated sludge systems as a function of the 
sludge age and F/M ratio 


Sludge age F/M ratio 
Sludge age (day) (kgBOD/kgMLVSS.day) Usual designation 
Low 4to 10 0.25 to 0.50 Conventional activated sludge 
High 18 to 30 0.07 to 0.15 Extended aeration 


according to the following characteristics: 


e division according to the sludge age (or F/M ratio) 
e conventional activated sludge (low sludge age, high F/M ratio) 
e extended aeration (high sludge age, low F/M ratio) 
e division according to the flow 
e continuous flow 
e intermittent flow (sequencing batch reactors) 
e division according to the influent to the biological stage of the activated 
sludge system 
e raw sewage 
e effluent from a primary sedimentation tank 
e effluent from an anaerobic reactor 
e effluent from another wastewater treatment process 


There are other variants, related to the physical configuration of the aeration 
tank and the position of the inlets, but these are covered in Chapter 3. 

The activated sludge systems can be classified in terms of the sludge age and 
the F/M ratio in one of the main categories listed in Table 1.1. 

This classification according to the sludge age is applicable to both continu- 
ous flow systems (liquid entering and leaving the activated sludge reactor con- 
tinuously) and intermittent flow or sequencing batch systems (intermittent input 
of the liquid in each activated sludge reactor). However, the extended aeration 
variant is more frequent for the intermittent flow systems. Regarding the acti- 
vated sludge system acting as post-treatment for the effluent from anaerobic re- 
actors, the most convenient option is the one with the reduced (conventional) 
sludge age. 

Systems with very low sludge age (less than 4 days), also designated modified 
aeration, are less commonly used. Especially in warm-climate regions, the reactor 
volume would be very small, which could lead to some hydraulic instabilities in the 
system. In warm-climate areas, systems with intermediate sludge ages (between 
10 and 18 days) do not present advantages for their use, since they do not enable a 
substantial increase in BOD removal, compared to the conventional sludge age, and 
they do not obtain the aerobic stabilisation of the sludge, which is a characteristic 
of the extended aeration. In temperate climate countries, the adoption of sludge 
ages of over 10 days can be necessary to reach complete nitrification throughout 
the year. 


6 Activated sludge and aerobic biofilm reactors 


The biological stage of activated sludge (biological reactor and secondary 
sedimentation tank) can receive raw wastewater (usually in the extended aer- 
ation variant), effluent from primary sedimentation tanks (a classic conception 
of conventional activated sludge), effluent from anaerobic reactors (recent de- 
velopment) and effluent from other wastewater treatment processes (such as 
physical-chemical treatment or coarse trickling filters, for additional effluent 
polishing). 


1.2.2 Conventional activated sludge (continuous flow) 


To save energy for aeration and to reduce the volume of the biological reactor in the 
conventional system, part of the organic matter (suspended, settleable) from the 
wastewater is removed before the aeration tank, in the primary sedimentation tank. 
Thus, conventional activated sludge systems have primary treatment as an integral 
part of their flowsheet (Figure 1.3). In the figure, the top part corresponds to the 
treatment of the liquid phase (wastewater), while the bottom part exemplifies the 
stages involved in the treatment of the solid phase (sludge). 

In the conventional system, the sludge age is usually of the order of 4 to 10 days, 
the F/M ratio is in the range of 0.25 to 0.50 kg BOD/kgMLVSS.-d and the hydraulic 
detention time in the reactor is of the order of 6 to 8 hours. With this sludge age, the 
biomass removed from the system in the excess sludge still requires stabilisation 
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Figure 1.3. Typical flowsheet of the conventional activated sludge system 
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in the sludge treatment stage, since it still contains a high level of biodegradable 
organic matter in its cells. This stabilisation takes place in the digesters. To reduce 
the volume of the digesters, the sludge is previously subjected to a thickening 
stage, in which part of the water content is removed, thereby decreasing the sludge 
volume to be treated. 


1.2.3 Extended aeration (continuous flow) 


If the biomass stays in the system for longer periods, in the order of 18 to 30 days 
(hence the name extended aeration), and receives the same BOD load from the 
raw wastewater as in the conventional system, there will be less substrate avail- 
able for the bacteria (F/M ratio of only 0.07 to 0.15 kgBOD/kgMLVSS.d). The 
amount of biomass (kgMLVSS) is larger than that in the conventional activated 
sludge system, the volume of the aerobic reactor is also higher and the detention 
time of the liquid is around 16 to 24 hours. Therefore, there is less organic matter 
per unit volume of the aeration tank and per unit biomass in the reactor. Conse- 
quently, to survive, the bacteria start to use in their metabolic processes their own 
biodegradable organic matter, which is a component of their cells. This cellular 
organic matter is transformed into carbon dioxide and water through respiration. 
This corresponds to an aerobic stabilisation of the biomass in the aeration tank. 
While in the conventional activated sludge system the stabilisation of the sludge 
is done separately (in the sludge digesters in the sludge treatment stage, usually in 
an anaerobic environment), in the extended aeration the sludge digestion is done 
jointly in the reactor, in an aerobic environment. The additional consumption of 
oxygen for the sludge stabilisation (endogenous respiration) is significant and it 
can be larger than the consumption for the assimilation of the organic matter from 
the influent (exogenous respiration). 

Since there is no need to stabilise the excess biological sludge, the generation of 
another type of sludge is avoided in the extended aeration system, since this sludge 
would require subsequent separate stabilisation. For this reason, the extended aer- 
ation systems usually do not have primary sedimentation tanks, to avoid the need 
for a separate stabilisation of the primary sludge. With this, a great simplification 
in the process flowsheet is obtained: there are no primary sedimentation tanks or 
sludge digestion units (Figure 1.4). 

The consequence of this simplification in the system is the increase in the energy 
consumption for aeration, since the sludge is stabilised aerobically in the aeration 
tank. On the other hand, the reduced substrate availability and its practically total 
assimilation by the biomass make the extended aeration variant one of the most 
efficient wastewater treatment processes for the removal of BOD. 

However, it should be stressed that the efficiency of any variant of the activated 
sludge process is intimately associated with the performance of the secondary 
sedimentation tank. If there is a loss of solids in the final effluent, there will be a 
large deterioration in the effluent quality, independent of a good performance of 
the aeration tank in the BOD removal. 
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Figure 1.4. Typical flowsheet of an extended aeration system 


1.2.4 Intermittent operation (sequencing batch reactors) 


The activated sludge systems described in Sections 1.2.2 and 1.2.3 are of continu- 
ous flow in relation to the wastewater, that is to say, the liquid is always entering and 
leaving the reactor. There is, however, a variant of the system with an intermittent 
flow operation, also called a sequencing batch reactor. 

The principle of the activated sludge process with intermittent operation consists 
of the incorporation of all the units, processes and operations usually associated 
with the traditional activated sludge treatment, namely, primary settling, biologi- 
cal oxidation and secondary settling, in a single tank. In this tank, those processes 
and operations simply become sequences in time, and not separated units as in 
the conventional continuous-flow processes. The process of activated sludge with 
intermittent flow can be used both in the conventional and in the extended aeration 
modes, although the latter is more common, due to its greater operational sim- 
plicity. In the extended aeration mode, the single tank also incorporates a sludge 
digestion (aerobic) function. Figure 1.5 illustrates the flowsheet of a sequencing 
batch reactor system. 

The process consists of a complete-mix reactor where all the treatment stages 
occur. That is obtained through the establishment of operational cycles and phases, 
each with a defined duration. The biomass is retained in the reactor during all 
phases, thus eliminating the need for separate settling tanks. A normal treatment 
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Figure 1.5. Typical flowsheet of an activated sludge system with intermittent 
operation (two reactors) 


cycle is composed of the following phases: 


e filling (input of raw or settled sewage to the reactor) 

e reaction (aeration/mixing of the liquid contained in the reactor) 

* settling (settling and separation of the suspended solids from the treated 
sewage) 

e withdrawal (removal of the treated sewage from the reactor) 

e idle (adjustment of cycles and removal of the excess sludge) 


The usual duration of each phase and the overall cycle can be altered according 
to the influent flow variations, the treatment requirements, and the characteristics 
of the sewage and the biomass in the system. 

Because sewage is continuously entering the treatment plant, more than one 
reactor is required: when one reactor is in the settling phase, no influent is allowed. 
Therefore, the influent is diverted to another reactor, which is in the fill stage. 

The flowsheet of the process is largely simplified, due to the elimination of 
several units, compared to the continuous-flow activated sludge systems. In the 
extended aeration mode in the sequencing batch reactors, the only units of all 
the treatment processes (liquid and sludge) are: screens, grit chambers, reactors, 
sludge thickeners (optional) and sludge dewatering units. 

There are some variants in the intermittent flow systems related to the oper- 
ational procedure (continuous feeding and discontinuous emptying) and the se- 
quence and duration of the cycles associated with each phase of the process. These 
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variants can have additional simplifications in the process or incorporate the bio- 
logical removal of nutrients, and are described in Chapter 8. 


1.2.5 Activated sludge for the post-treatment of effluents from 
anaerobic reactors 


A very promising alternative in warm-climate regions, which is the focus of recent 
research and is beginning to be implemented in full scale, is the one of activated 
sludge (with the conventional sludge age of 6 to 10 days) as a post-treatment of 
the effluent from anaerobic UASB-type reactors. In this case, there is an anaerobic 
reactor instead of a primary sedimentation tank. The excess aerobic sludge gen- 
erated in the activated sludge system, not yet stabilised, is directed to the UASB 
reactor, where it undergoes thickening and digestion, together with the anaerobic 
sludge. As this aerobic excess sludge flow is very low, compared with the influent 
flow, there are no operational disturbances to the UASB reactor. The treatment of 
the sludge is largely simplified: thickeners and digesters are not needed, and there 
is only the dewatering stage. The mixed sludge withdrawn from the anaerobic re- 
actor is digested and has similar concentrations to that of a thickened sludge, and 
also has excellent dewatering characteristics. Figure 1.6 shows the flowsheet for 
this configuration. 

A comparison of this configuration with the traditional concept of the conven- 
tional activated sludge system is presented in Table 1.2. 
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Figure 1.6. Flowsheet of a system composed of a UASB reactor followed by an activated 
sludge system 
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Table 1.2. Main advantages, disadvantages and similarities of the UASB-activated 
sludge system with relation to the traditional concept of the conventional activated 
sludge system 


Aspect Item Remark 


Advantage Reduction in the * The mass of sludge produced and to be treated 


sludge production 


is of the order of 40 to 50% of the total value 
produced in the traditional concept of the 
conventional activated sludge, and 50 to 60% 
of the total produced in the extended aeration 
mode 

The mass for final disposal is of the order of 60 
to 70% of that from the traditional concepts 
The reduction in the sludge volume is still 
larger, due to the fact that the mixed anaerobic 
sludge is more concentrated and has very good 
dewaterability 


Reduction in the 
energy consumption 


Since approximately 70% of the BOD is 
previously removed in the UASB reactor, the 
oxygen consumption is only for the remaining 
BOD and for nitrification, which in this case is 
the prevailing factor in the oxygen 
consumption (around 2/3 of the total 
consumption) 


Reduction in the total 
volume of the units 


The total volume of the units (UASB reactor, 
activated sludge reactor, secondary 
sedimentation tank and sludge dewatering) is 
lower than the total volume of the conventional 
activated sludge units (primary sedimentation 
tank, activated sludge reactor, secondary 
sedimentation tank, sludge thickener, sludge 
digester and sludge dewatering) 


Reduction in the 
consumption of 
chemical products for 
dewatering 


Reduction due to decreased sludge production 
and improved dewaterability 


Smaller number of 
different units to be 
installed 


There is no need for primary sedimentation 
tanks, thickeners and digesters, which are 
replaced by the UASB reactor 


Less equipment 
requirements 


The UASB reactor does not have 
electromechanical equipment, unlike the 
primary sedimentation tanks, thickeners and 
digesters of the conventional activated sludge 
systems 


(Continued ) 


12 Activated sludge and aerobic biofilm reactors 


Table 1.2 (Continued ) 


Aspect Item Remark 
Greater operational e Compared with the traditional concept of 
simplicity the conventional activated sludge system, 


there are less units to be operated and less 
electromechanical equipment to be 
maintained 


Disadvantage Lower capacity for Nitrogen removal is only feasible if a 

biological nutrient minimum proportion between the 

removal (N and P) concentration of nitrogenous matter (TKN) 
and the organic matter (COD) is reached 
Similarly, there is also a minimum P/COD 
ratio for phosphorus removal 
Once the UASB reactor removes a large 
portion of the organic carbon and hardly 
affects the nutrient concentration, in general 
the concentration of organic matter in the 
anaerobic effluent is smaller than the 
minimum necessary for good denitrification 
and phosphorus removal 


Similarity Similar efficiency to * The efficiency of the system in the removal 
the traditional concept of the main pollutants (except for N and P) 
of conventional is similar to that of the conventional 
activated sludge activated sludge system 


The operational experience with the new systems being built with this con- 
figuration will allow continuous progress in the knowledge of design criteria and 
parameters to be used. In this book, the same parameters usually adopted for con- 
ventional activated sludge systems have been used, based on the understanding that 
the main physical and biochemical phenomena involved are the same. However, 
it is possible that some coefficients of the mathematical model of the process are 
different, but this should not affect the design stage substantially. 


1.2.6 Comparison among the main variants of the activated 
sludge process 


In this section, the main variants of the activated sludge process are compared. 
The main dividing factor among the variables is the sludge age, characterising 
the extended aeration and conventional activated sludge modes, as well as the 
existence of pre-treatment (e.g., UASB reactor). 

The following tables are presented to allow a comparison among the systems: (a) 
Table 1.3 — shows the main characteristics (efficiencies, requirements, production) 
of the systems; and (b) Table 1.4 gives comparison between several operational 
characteristics of the conventional activated sludge, extended aeration and UASB 
reactor-activated sludge systems. 
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Table 1.3. Main characteristics of the activated sludge systems used for the treatment of 
domestic sewage 


Type 
UASB- 
Extended activated 
General item Specific item Conventional aeration sludge 
Sludge age Sludge age (day) 4-10 18-30 6-10 
F/M ratio F/M ratio (kgBOD/kgMLVSS.-d) 0.25-0.50 0.07-0.15 0.25-0.40 
Removal BOD (%) 85-95 93-98 85-95 
efficiency COD (%) 85-90 90-95 83-90 
Suspended solids (%) 85-95 85-95 85-95 
Ammonia (%) 85-95 90-95 75-90 
Nitrogen (%) (!) 25-30 15-25 15-25 
Phosphorus (%) (!) 25-30 10-20 10-20 
Coliforms (%) 60-90 70-95 70-95 
Area required Area (m?/inhabitant) (2) 0.2-0.3 0.25-0.35 0.2-0.3 
Total volume Volume (m°/inhabitant) É) 0.10-0.12 0.10-0.12 0.10-0.12 
Energy (*) Installed power (W/inhabitant) 2.5—4.5 35555 1.8-3.5 
Energy consumption 18-26 20-35 14-20 
(kW-hour/inhabitant-year) 
Volume of To be treated (L sludge/ 3.5-8.0 3.5-5.5 0.5-1.0 
sludge (°) inhabitant-d) 
To be disposed of (L sludge/ 0.10-0.25 0.10-0.25 0.05-0.15 
inhabitant-d) 
Sludge mass To be treated (gTS/inhabitant-d) 60-80 40—45 20-30 
To be disposed of 30—45 40—45 20-30 
(gTS/inhabitant-d) 


Notes: 

The values shown are typical, but may vary even outside the ranges depending on local circumstances. 
(!): Larger efficiencies can be reached in the removal of N (especially in conventional activated sludge 
and in the extended aeration) and P (especially in conventional activated sludge) through specific stages 
(denitrification and phosphorus removal). The UASB-activated sludge method is not efficient in the 
biological removal of N and P. 

(2): Smaller areas can be obtained by using mechanical dewatering. The area values represent the area 
of the whole WWTP, not just of the treatment units. 

(3): The total volume of the units includes UASB reactors, primary sedimentation tanks, aeration tanks, 
secondary sedimentation tanks, gravity thickeners and primary and secondary digesters. The dewater- 
ing process assumed in the computation of the volumes is mechanical. The need for each of the units 
depends on the variant of the activated sludge process. 

(*): The installed power should be enough to supply the O; demand in peak loads. The energy con- 
sumption requires a certain control of the O2 supply, to be reduced at times of lower demand. 

(°): The sludge volume is a function of the concentration of total solids (TS), which depends on the 
processes used in the treatment of the liquid phase and the solid phase. The upper range of per capita 
volumes of sludge to be disposed of is associated with dewatering by centrifuges and belt presses (lower 
concentrations of TS in the dewatered sludge), while the lower range is associated with drying beds or 
filter presses (larger TS concentrations). 

Source: von Sperling (1997), Alem Sobrinho and Kato (1999) and von Sperling et al. (2001) 
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2 


Principles of organic matter removal 
in continuous-flow activated 
sludge systems 


2.1 PRELIMINARIES 


In this chapter, the following items were discussed: influence of the solids recir- 
culation, representation of the substrate and solids, solids production, hydraulic 
detention time, solids retention time, cell wash-out time, food/microorganism 
ratio, substrate utilisation rate and solids distribution in the wastewater treatment. 
All of these items are of fundamental importance for the activated sludge system 
and the reader must be familiar with them to understand the topics discussed below. 

The present chapter covers the removal of the carbonaceous organic matter 
specifically in activated sludge systems and introduces new concepts that are ap- 
plied to the system. The topics use the nomenclature shown in Figure 2.1. 

It is known that there are very good and widely accepted models for the activated 
sludge process (e.g., IWA models), but these are at a higher level of sophistication 
and require the adoption of many parameters and input values. For these reasons, 
a more conventional approach of the activated sludge modelling is adopted in this 
book. 

Two mass balances can be done, one for the substrate and the other for the 
biomass. These mass balances are essential for the sizing of the biological reactor 
and are detailed in the following sections. 


© 2007 IWA Publishing. Activated Sludge and Aerobic Biofilm Reactors by Marcos von Sperling. 
ISBN: 1 84339 165 1. Published by ITWA Publishing, London, UK. 
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influent substrate concentration (total BOD) (mg/L or g/m”) 

effluent substrate concentration (soluble BOD) (mg/L or g/m’) 

influent flow (m3/d) 

return sludge flow (m°/d) 

excess sludge flow (m°/d) 

mixed liquor suspended solids concentration (mg/L or g/m8) 

influent suspended solids concentration (mg/L or g/m?) 

return activated sludge suspended solids concentration (mg/L or g/m? 
reactor volume (m° 


Figure 2.1. Representation of the main variables in the activated sludge process 


X is the concentration of solids. In the reactor these solids are typically biological 
solids and are represented by the biomass (microorganisms) produced in the reactor 
at the expense of the utilised substrate. These solids are called mixed liquor 
suspended solids (MLSS). 

In contrast, in the influent to the reactor, the solids are those originally present 
in the wastewater and, in many references they are neglected in the general mass 
balance. When appropriate, for the sake of clarity, these solids from the influent 
are not considered in some calculations in this chapter. However, it will still be 
shown in this chapter that in some formulae these solids have an influence on the 
sludge production of the system. 

The solids can be represented as total suspended solids (X) or volatile suspended 
solids (X,). When representing the biomass in the reactor, it is preferable to use Xy, 
while when analysing the behaviour of the solids in the secondary sedimentation 
tank, X is used. X, is also called mixed liquor volatile suspended solids (MLVSS). 

The value of X, is greater than X, that is, the return sludge X, has a higher 
concentration of suspended solids, which leads to the maintenance of high SS 
concentrations in the reactor. The solids recycling can be done by pumping the 
sludge from the bottom of the secondary sedimentation tank (in continuous-flow 
systems) or through other operational procedures of solids retention in the reactor 
(in intermittent-flow systems). 

In Figure 2.1 there is still another flow line, which corresponds to the excess 
sludge (Qex). This comes from the fact that, for the system to be maintained 
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in equilibrium, the quantity of biomass production (bacterial growth) must be 
compensated by an equivalent wastage of solids. If solids are not wasted from the 
system, their concentration progressively increases in the reactor and the solids 
are transferred to the secondary sedimentation tanks, up to a point when they 
become overloaded. In this situation, the settling tank is not capable of transferring 
solids to its bottom anymore and the level of the sludge blanket starts to rise. 
Above a certain level, the solids start to leave with the final effluent, deteriorating 
its quality. Thus, in simplified terms, it can be said that the daily solids production 
must be counterbalanced by a withdrawal of an equivalent quantity (mass per unit 
time). The excess sludge can be wasted from the return sludge line (as shown in 
Figure 2.1) or directly from the reactor. 


2.2 SLUDGE AGE IN ACTIVATED SLUDGE SYSTEMS 


The sludge age is a fundamental parameter for the design and operation of the 
activated sludge process and is related to the reactor volume, production of solids, 
oxygen consumption and other operational variables of the process. Typical sludge 
age values in the activated sludge system are: 


e Conventional activated sludge: O, = 4 to 10 days 
e Extended aeration: O, = 18 to 30 days 


The resultant hydraulic detention time in the reactor varies as follows: 


e Conventional activated sludge: t = 6 to 8 hours (<0.3 days) 
e Extended aeration: t = 16 to 24 hours (0.67 to 1.0 days) 


The F/M ratio generally has the following values: 


e Conventional activated sludge: F/M = 0.3 to 0.8 kgBODs /kgVSS-d 
e Extended aeration: F/M = 0.08 to 0.15 kg BODs/kgVSS-d 


2.3 SUSPENDED SOLIDS CONCENTRATION 
IN THE REACTOR 


The design aspects related to the concept of X, are examined in detail in this 
section. 
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To obtain the VSS concentration in the aeration tank, or MLVSS concentration 
in a system with solids recycling: 


x)= TES (+) 2.1) 


where: 
O. = sludge age (d) 
Y = yield coefficient (gVSS produced per gBOD removed) (gX,/gBODs) 
Kg = endogenous respiration coefficient (d7!) 
fe = biodegradable fraction of MLVSS (Xp /Xv) 


Typical values of Y and Kg are: 


Y = 0.5 to 0.7 g VSS/g BODs removed 
Ka = 0.06 to 0.10 gVSS/gVSS-d 


Equation 2.1 incorporates the concept of fp, f, is given by: 


fy 


f, = 
e T+ 0-f) Kee, 


(2.2) 


where: 
f, = biodegradable fraction of the VSS generated in a system subjected to a 
sludge age 0, (X,/X,) 
fy = biodegradable fraction of the VSS immediately after its generation in the 
system, that is, with 0, = 0. This value is typically equal to 0.8 (= 80%). 


Equation 2.1 is important in the estimation of the VSS concentration in a par- 
ticular system once the other parameters and variables are known or have been 
estimated. The analysis of this equation also provides interesting considerations 
about the influence of the sludge recirculation on the VSS concentration in the 
reactor. 

That ©. = t in a system without recirculation. Under these conditions, Equa- 
tion 2.1 is reduced to: 


_ YS — 8) 


xy = ———— 
1 + Kg-f,-t 


(2.3) 


It can be seen that the difference between both equations is the factor (0./t), 
which has a multiplying effect on Equation 2.3, in that it increases the suspended 
solids concentration in the reactor. As mentioned in Section 2.4, any increase in 
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X,, in a particular design, will result in a proportional decrease in the necessary 
volume for the reactor. 
Typical values of X, in an activated sludge system are: 


e conventional activated sludge = 1,500 to 3,500 mgVSS/L 
e extended aeration = 2,500 to 4,000 mgVSS/L 


The maximum design concentration of MLSS in the reactor is generally limited 
to 4,500-5,000 mg/L. Extended aeration systems tend to have a higher MLSS 
concentration than the conventional activated sludge systems. Naturally, the larger 
the concentration of MLSS (or MLVSS) in the reactor, the greater the availability 
of the biomass to assimilate the influent substrate, resulting in the need for smaller 
reactor volumes (for a given removal efficiency). Some practical aspects, however, 
impose the mentioned upper limits: 


e MLSS concentrations above a certain limit require larger secondary 
sedimentation tanks. Large surface areas for these units would become 
necessary for high SS loads flowing into them, which could offset the 
economic gain obtained with the reduced reactor volume. 

e The transfer of oxygen to the entire biomass is adversely affected in the 
case of very high MLSS values. 


The methodology for determining the VSS/SS ratio in an activated sludge re- 
actor as a function of the sludge age is described. In general terms, the ranges of 
average VSS/SS values are as follows: 


e Conventional activated sludge: VSS/SS = 0.70 to 0.85 
e Extended aeration: VSS/SS = 0.60 to 0.75 


2.4 CALCULATION OF THE REACTOR VOLUME 
In Equation 2.1, replacing t with V/Q, and making V explicit leads to: 


vo Y-0¢:Q-(So — S) (2.4) 
Xy-(1 + Ka-fp-8¢) 


The volume of the reactor can be calculated by using this equation, provided 
that Q and S, are known, a desired concentration for the soluble BOD effluent S 
is proposed, Y and Kg values are assumed, f is calculated and adequate values of 
the design parameters 0, and X, are adopted. 

Equation 2.4 can be used for both the system with recirculation and the system 
without recirculation. In the latter case, when adopting 0, = t, the volume of the 
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reactor can be calculated directly using the formula V = t.Q. However, the con- 
centration of solids should be calculated using Equation 2.3. 


Example 2.1 
Calculate the volume of the reactor in the following systems: 


e conventional activated sludge: 0, = 6 d; Xy = 2,500 mg/L 
e extended aeration 0, = 22 d; Xy = 3,000 mg/L 


General data: 


e Q= 1,500 m3/d (design data) 

* S, = 300 mg/L (design data, assuming that no primary sedimentation tanks 
are available in both systems, for comparison purposes) 

e S= 5 mg/L (soluble BOD; desired value) 

e Y= 0.7 (assumed) 

e Kg = 0.09 d7! (assumed) 

ef,’ = 0.8 (adopted) 


Solution: 
(a) Conventional activated sludge 
e Biodegradable fraction fp (Equation 2.2) 
fy 0.8 


f = = = 0.72 
1+(1 — fy)-Ka-8. 1+(1 — 0.8) x 0.09 x 6 
e Volume of the reactor (Equation 2.4) 
Y-0.:Q:(S, — S) 0.7 x 6 x 1,500 x (300 — 5) 535m? 
— — = m 
X(1+Kafo-do) 2,500 x (1 + 0.09 x 0.72 x 6) 
e Hydraulic detention time 
V 535 m°? 
=— = 2n = 0.36 d = 8.6 hours 
Q 1,500m'/d 
(b) Extended aeration 
e Biodegradable fraction fp (Equation 2.2) 
fy 0.8 
f = = = 0.57 
14£01=f Ke, 140=08)x000%22 
e Volume of the reactor (Equation 2.4) 
Y-0,-Q:(S, — S 0.7 x 22 x 1500 x (300 — 5 
v= Se ae À ) 1067m 


~ Xy-(1+ Kg-fy-0,) 3,000 x (1 + 0.09 x 0.57 x 22) 
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Example 2.1 (Continued) 
e Hydraulic detention time 


Vo 1,067 m 


= — = — — = 0.71 d= 17.1 hours 

Q 1,500 m3/d 

It is observed that the extended aeration system requires larger reactor vol- 
umes compared to the conventional activated sludge system, due to the greater 
sludge age. However, the increase is not directly proportional to the relationship 
between the sludge ages. 


An important aspect to be observed in Equation 2.4 is that the calculation of the 
reactor volume is a function of the sludge age O., and not of the hydraulic detention 
time t. Because of this, t should not be used in the sizing of the reactor by means 
of the formula V = t-Q, but only to evaluate the conditions of hydraulic stability 
and the resistance to shock loading. In case the system is without recirculation, 
naturally, the concept O. = t can be used. 

The reason for using 0, instead oft is as follows. A wastewater with a high flow, 
but a low BOD concentration, can require the same activated sludge reactor volume 
as a wastewater with a low flow but with a high BOD concentration, provided 
that the BOD loads are the same (load = flow x concentration = Q-(S,—S)). 
However, once the same volumes are obtained, the hydraulic detention times will 
be essentially different, since the flow values differ from each other. Determining 
reactor volumes based only on the hydraulic detention time would, in this case, 
result in different values, which would induce under- or over-estimation, and in 
different treatment efficiencies. This is illustrated in Example 2.2. 


Example 2.2 


Calculate the reactor volume and the hydraulic detention time for an industrial 
wastewater in a conventional activated sludge system. Adopt the same param- 
eters of Example 2.1 and compare the results with item “a” of the referred to 
example. The industrial wastewater data are: 


e Q = 300 m?/d 
¢ So = 1,500 mg/L 
e S = 25 mg/L (to keep the same removal efficiency as in Example 2.1) 
Solution: 
e Volume of the reactor (Equation 2.4) 
Y-0.:Q-(S_ — S) 0.7 x 6 x 300 x (1500 — 25) 


V= = = 535 m? 
X, (1 + Ka: fo-8c) 2,500 x (1 + 0.09 x 0.72 x 6) 
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Example 2.2 (Continued) 
e Hydraulic detention time 
Vv 535 m? 
t= a= = 178d = 42.8 hours 
Q  300m°/d 


When compared with the domestic sewage in Example 2.1, the volume 
of the reactor is the same (535 m°), but the hydraulic detention time of 
Example 2.1 is five times lower (0.36 days). The reactor volumes are the 
same due to the fact that the BOD loads are the same (the industrial flow 
is five times smaller, but the concentration is five times larger). The detention 
times are different, since the industrial flow is five times smaller. For these 
reasons, it is important to size the system based on the sludge age instead 
of on the hydraulic detention time. For the calculation of the reactor volume, 
what ultimately matters is the BOD load, not the flow or the concentration 
itself. 


2.5 SUBSTRATE REMOVAL 


The bacterial growth rate, based on Monod’s kinetics, is given by: 


dX, 
dt 


S 
Si e E ee ee 2.5 
Umax (z 5) b ( ) 


where: 
Umax = Maximum specific growth rate (d”!) 

S = concentration of the limiting substrate (mg/L). In the case of treat- 
ment for BOD removal, the limiting nutrient is the organic matter 
itself 

K, = half-saturation constant, which is defined as the concentration of the 
substrate for which u = Umax/2 (mg/L) 


Dividing left- and right-hand sides of Equation 2.5 by X,, and knowing that 
O = X\/(dX,/dt): 


1 S 
Sit al gd 2.6 
0. Umax (=) d*tb ( ) 


Rearranging this equation to make S (effluent soluble BOD) explicit: 


Ks-[(1/8.) + Ka-fo] 
Hmax — [(1/8c) + Ka-fo] 


S= (2.7) 
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This is the general equation to estimate the effluent soluble BOD from a 
complete-mix reactor. Since in complete-mix reactors S is generally much smaller 
than K, in the denominator of Monod’s equation, (Ks + S) could be simply sub- 
stituted by S. In these conditions, first-order kinetics would prevail. With such a 
replacement, Equation 2.7 can be presented in the following simplified way: 


K, (1 
S= ' (5 + Kah) (2.8) 
Umax de 


An interesting aspect in Equations 2.7 and 2.8 is that, in a complete-mix system 
in the steady state, the effluent BOD concentration (S) is independent of the influent 
concentration S, (Arceivala, 1981). This is justified by the fact that Ks, Kg and Umax 
are constant and, therefore, S depends only on the sludge age O.. The larger the 
influent BOD load, the larger the production of biological solids and, consequently, 
the larger the biomass concentration X,. Thus, the higher the substrate available, 
the greater the biomass availability for its assimilation. It should be emphasised that 
this consideration is applicable only to the steady state. In the dynamic state, any 
increase in the influent BOD load is not immediately followed by a corresponding 
increase in the biomass, since such an increase occurs slowly. Thus, until a new 
equilibrium is reached (if an equilibrium will ever be reached at all), the quality 
of the effluent in terms of BOD will deteriorate. 

The value of S can also be obtained by rearranging Equation 2.4, used for the 
calculation of the volume of the reactor. When all of the terms are known, S can be 
made explicit. It should be noted that, for typically domestic sewage, S is usually 
low, especially in extended aeration systems. In these conditions, any deviation in 
the estimate of S can lead to significant relative errors. However, such errors are 
not expected to be substantial, since, ultimately, in a design the interest is mainly 
in the range of values of S, not in an exact estimate. 

The minimum concentration of soluble substrate S that can be reached in a 
system is when the sludge age 0, tends to be infinite. In these conditions, the term 
1/0, is equivalent to zero. By replacing 1/0, with 0 in Equation 2.7, Equation 2.9 
is obtained, defining the minimum reachable effluent soluble BOD (Smin). In a 
treatment system, in case one needs to obtain a value that is lower than Smin, this 
will not be possible with a single complete-mix reactor (Grady and Lim, 1980). 
Smin is independent of the presence of recirculation and is just a function of the 
kinetic coefficients. 


KiKi 
en elie e (2.9) 
Umax — Ka-fp 


As already noted, for predominantly domestic sewage, the soluble effluent BOD 
is essentially small and could even be considered negligible (compared to the 
influent BOD). The exception is for systems with very small sludge ages (0, < 
4 days), in which S can be representative. 
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Example 2.3 


Calculate the soluble effluent BOD concentration from the systems described 
in Example 2.1: 


e conventional activated sludge: 0, = 6 days 
e extended aeration: 0, = 22 days 


Adopt Umax = 2.0 d7! and K, = 60 mg/L. 
Solution: 

(a) Conventional activated sludge 
Using Equation 2.7: 


Ke .[1/8c) + Ka-fo] 60 x [(1/6) + 0.09 x 0.72] 
— Umax — [(1/00) + Ka-fo] 2.0 — [(1/6) + 0.09 x 0.72] 


= 7.9 mg/L 


Note: if the simplified formula for first-order kinetics had been used (Equation 
2.8), a value of S = 6.9 mg/L would have been obtained. 


(b) Extended aeration 


Using Equation 2.7: 


s Kell /.)+Ke-f) _ 60x [(1/22) + 0.09 x 0.57] _ 


= = = 3.1 mg/L 
Umax — [(1/0) + Kafo] 2,0 — [(1/22) + 0.09 x 0.57] 


Note: if the simplified formula for first-order kinetics had been used (Equa- 
tion 2.8), a value of S = 2.9 mg/L would have been obtained. 


(c) Comments 


e In both cases, the general and simplified formulae produce very similar 
values. 

e The concentrations of soluble effluent BOD are low in both systems. In 
domestic sewage treatment by activated sludge, this is the most frequent 
situation. 

e In the extended aeration system, due to the higher sludge age, the concen- 
tration of soluble effluent BOD is lower. It should be remembered that these 
values are for steady-state conditions, and that the conventional activated 
sludge system is more susceptible to variations in the influent load (which 
can cause the effluent to deteriorate during transients). 

e It should also be noted that, in Example 2.1, it was estimated that the 
effluent BOD (S) would be equal to 5 mg/L in the two systems. In the 
present example, it is observed that there is a slight deviation from this 
estimate. The volume of the reactor can be recalculated with the new S 
values. Another option is to calculate the acceptable soluble BOD in the 
effluent, according to the desired total BODs and SS values in the effluent 
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Example 2.3 (Continued) 


(see Section 2.6). However, the difference between these two approaches 
in respect to the direct calculations of the volume is expected to be very 
small. 

e The BOD values have been presented in this example with decimals only 
for the sake of clarity in the comparisons. In a real situation, there is no 
sensitivity in the BOD test to express its values with decimals. 


2.6 SOLUBLE BOD AND TOTAL BOD IN THE EFFLUENT 


All the calculations for the design of the reactor, or for the determination of the 
effluent BOD, were made by assuming that S was the effluent soluble BOD, that 
is to say, the biochemical oxygen demand caused by the organic matter dissolved 
in the liquid medium. This BOD could be considered the total effluent BOD from 
the system, if the final sedimentation tank were capable of removing 100% of 
the suspended solids flowing into it. However, it is worth remembering that the 
concentration of these solids that will reach the secondary sedimentation tank is in 
the order of 3,000 to 5,000 mg/L. Thus, it is expected that they will not be entirely 
removed, and that a residual fraction will leave with the final effluent. As these 
solids have a large fraction of organic matter (mainly represented by the biomass), 
they will still cause an oxygen demand when they reach the receiving body. This 
demand is named suspended BOD or particulate BOD. Thus, in the final effluent 
of an activated sludge plant, there are the following fractions: 


Total effluent BOD; = Soluble effluent BOD; + Particulate effluent BOD; 
(2.10) 


The soluble BOD can be estimated using Equation 2.7 or 2.8. For the estimation 
of the particulate BOD, some considerations should be made. The solids that 
generate oxygen demand are only the biodegradable solids, since the inorganic and 
the inert solids are not an organic substrate that can be assimilated by the bacteria 
and generate oxygen consumption. By using Equation 2.2, and knowing the process 
parameters, one can determine the parameter fp, that is, estimate which fraction of 
the VSS present in the plant effluent is biodegradable and will, therefore, represent 
the BOD of the suspended solids. Once this biodegradable fraction is known, the 
oxygen consumption required to stabilise this fraction can be estimated. For this, 
Equation 2.11, relative to the stabilisation of the cellular material represented by 
the formula C;H7NOz, can be used: 


CsH;NO; + 50, — 5CO, + NH; + 2H2 + Energy (2.11) 
MW=113 MW=160 
(Xp) 
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Thus, according to the stoichiometric relationship between the molecular 
weights (MW), 160 g of oxygen are required for the stabilisation of 113 g of 
biodegradable solids. Hence, this relationship is: 


O2/X, = 160/113 = 1.42 gO,/g biodegradable solids (2.12) 


The ultimate biochemical oxygen demand (BOD,) of the biodegradable solids 
is equal to this O, consumption. Thus, expressed in other terms: 


BOD, of the biodegradable solids = 1.42 mgBOD,,/mgX, (2.13) 


In typical domestic sewage, the relationship between BODs and BOD, is 
approximately constant, and the ratio BOD,/BODs is usually adopted as 1.46. 
Thus, the ratio BODs/BOD, is the same as the reciprocal of 1.46, that is, 
BODs/BOD, = 1/1.46 = 0.68 mgBODs /mgBOD,. This means that when reach- 
ing the fifth day of the BOD test, 68% of the organic matter originally present has 
been stabilised, or else 68% of the total oxygen consumption takes place by the 
fifth day. Hence, Equation 2.13 can be expressed as: 


BOD; of the SSpiodeg = 0.68 mgBOD,/mgBOD,, x 1.42 mgBOD, /mgX, 
BOD; of the SSpiodeg = 1.0 mgBOD;/mgX, (2.14) 


To express this oxygen demand in terms of the volatile suspended solids, Equa- 
tion 2.14 needs to be multiplied by fe (= Xb/X,). The fp values can be obtained 
using Equation 2.2. Hence: 


BOD; of VSS = 1.0 (mgBOD, /mgX,) x f,(mgX,/mgVSS) 
BOD; of VSS = f, (mgBODS/mgVSS) (2.15) 


To make this equation more realistic and yet practical, it is interesting to ex- 
press the effluent solids not as volatile suspended solids, but as total suspended 
solids. This is because, in the operational control routine and in the determination 
of the performance of the treatment system, the usual procedure is to measure 
the performance of the secondary sedimentation tank based on the effluent total 
suspended solids concentration. In Section 2.3, the values of the VSS/TSS ratio 
were presented, and it was shown how to calculate the value of the ratio. For con- 
ventional activated sludge systems, VSS/TSS varies from 0.70 to 0.85, while for 
extended aeration systems, VSS/TSS varies from 0.60 to 0.75. The BODs of the 
total suspended solids will then be: 


BODs of the effluent SS (mgBODs /mgSS) = (VSS/TSS)-fi | (2.16) 


Based on the fp values resulting from the application of Equation 2.2 and on the 
typical values of the relationship VSS/TSS described in the paragraph above, and 
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by applying Equation 2.16, the following ranges of typical values of particulate 
BOD are obtained: 


e conventional activated sludge: 0.45 to 0.65 mgBODs/mgTSS 
e extended aeration: 0.25 to 0.50 mgBODs/mgTSS 


Experimental studies by von Sperling (1990) and Froes (1996) with two ex- 
tended aeration systems led to a ratio in the range of 0.21 to 0.24 mgBODs for 
each mgsSS, close to the lower limit of the theoretical range. 

The determination of the BODs of the final effluent is, therefore, essentially 
dependent on the estimation of the suspended solids concentration in the effluent 
from the secondary sedimentation tank. Unfortunately, there are no widely ac- 
cepted rational approaches that can be safely used to estimate the effluent solids 
concentration, since the number of variables involved in the clarification function 
of secondary sedimentation tanks is very high. There are some empirical criteria 
that correlate the solids loading rate in the settling tank and other variables with 
the effluent SS concentration, but these relationships are very site specific. 

Designers usually assume a SS concentration to be adopted in the design (equal 
to or lower than the SS discharge standard), and through this value the particulate 
BOD; is estimated. Based on a desired value of total BOD; in the effluent, and 
with the estimated particulate BODs, by difference, the required soluble BODs is 
obtained (simple rearrangement of Equation 2.10). With this value the biological 
stage of the treatment plant can be properly designed. 

Example 2.4 illustrates the complete calculation of the effluent total BOD; of 
an activated sludge system. 


Example 2.4 


For the conventional activated sludge system described in Example 2.1, cal- 

culate the concentrations of particulate, soluble and total BOD in the effluent. 

Assume that the design value for the effluent SS concentration is 30 mg/L. 
Data already obtained in Examples 2.1 and 2.3: 


S = 8 mg/L 
f, = 0.72 
Solution: 


(a) Particulate BOD; in the effluent from the secondary 
sedimentation tank 


Adopt the VSS/SS ratio equal to 0.8 (see above). The particulate BODs is 
calculated using Equation 2.16: 


Particulate BOD; = (VSS/SS)-f, = 0.8 x 0.72 = 0.58 mgBODs/mgsSS 
For 30 mg/L of effluent suspended solids, the effluent particulate BODs is: 
30 mgSS/L x 0.58 mgBODs;/mgSS = 17 mgBODs/L 
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Example 2.4 (Continued) 
(b) Summary of the effluent BOD; concentrations 


Soluble BOD = 8 mg/L (calculated in Example 2.3) 
Particulate BOD = 17 mg/L 


Total BOD = 8+ 17 = 25 mg/L 


If, for example, a better effluent quality, with a total effluent BOD; of 20 
mg/L were desired, there would be two possibilities. The first would be to reduce 
the effluent SS concentration (effluent polishing), to decrease the particulate 
BODs. The second would be to allow a maximum value for the soluble BOD; 
of 3 mg/L (= 20 — 17 mg/L). In this case, the reactor should be redesigned. 


(c) Efficiency of the system in the BOD removal 
The efficiency of the system in the BOD removal is given by: 


BOD; influent — BOD; effluent 


100 
DBO; influent 


E(%) = 


The biological removal efficiency (that considers only the soluble BOD in the 
effluent) is: 


E = 100-(300 — 8)/300 = 97% 
The overall removal efficiency (considering total BOD in the effluent) is: 


E = 100-(300 — 25) = 92% 


In the calculation of the reactor volume and of the BOD removal, S is considered 
as the soluble effluent BOD, and S, is the total influent BOD. This is because 
the organic suspended solids, which are responsible for the influent particulate 
BOD, are adsorbed onto the activated sludge flocs, and subsequently undergo suc- 
cessive transformations into simpler substrate forms, until they become available 
for synthesis. Only after this transformation to soluble organic solids will they be 
removed by similar mechanisms to those that acted on the soluble BOD. Thus, the 
influent particulate BOD will also generate bacterial growth and oxygen demand, 
but with a time lag compared to soluble BOD. In dynamic models this time lag 
should be taken into account, but it has no influence in steady-state models. This 
is the reason why S, is considered as the total influent BOD. 

Another aspect to be remembered is that, if the treatment system is provided with 
primary sedimentation tanks, such as the conventional activated sludge system, part 
of the influent BOD is removed by sedimentation, corresponding to the settled 
fraction of the volatile suspended solids. These will undergo subsequent separate 
digestion processes in the sludge treatment line and will not enter the reactor. The 
BODs removal efficiency of primary sedimentation tanks usually ranges from 25% 
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to 35%, that is, to say, the influent BOD to the reactor (S,) is 65% to 75% of the 
raw sewage BOD. 


2.7 SLUDGE DIGESTION IN THE REACTOR 


Besides the removal of carbonaceous and nitrogenous matter, an additional purpose 
of the biological stage can be the stabilisation of the sludge in the reactor. This is 
the case of the extended aeration systems, which do not have separate digestion 
for the excess sludge. The high sludge ages are responsible, therefore, not just 
for the oxidation of BOD and ammonia, but also for the aerobic digestion of the 
biomass. The digestion of the biodegradable fraction can be partial or practically 
total, depending on the sludge age adopted. It was seen that the extended aeration 
system in question had a high removal efficiency of the biodegradable biological 
solids generated in the system (93%), which resulted in an efficiency of 53% in 
the removal of the volatile solids. This efficiency is comparable to that obtained 
through separate digestion of the sludge. 

Theoretically, for a certain biomass type, the sludge age that leads to the total 
destruction of the biodegradable solids formed can be determined. This value of 
O, can be obtained through the sequence shown below. 

The gross production of volatile solids in the reactor is: 


Px, gross = Y-Q-(S, — $) (2.17) 


The gross production of volatile biodegradable solids is obtained by multiplying 
the above equation by the biodegradability fraction f,. Therefore: 


Pxp gross = f,-Y-Q-(S, — S) (2.18) 
On the other hand, the destruction of the biodegradable solids is given by: 
Px, destroyed = f,-Y-Q-(S. — S)-[Ka:0c/(1 + fp-Ka-8.)] (2.19) 


To achieve complete destruction of all the biodegradable biological solids gen- 
erated in the system, the production of solids should equal their destruction. Thus: 


Xp production = Xp destruction 


fp: Y-Q:(So — S) = fp: Y-Q:(So — S)-[Ka-8c/(1 + fo-Ka-0c)] (2.20) 
After making the necessary simplifications in Equation 2.20: 
8, = 1/[Ka(1 — f)] (2.21) 


However, fi, is a function of 05. Using the formula 


fo = fy /[1 + (1 — f,)-Ka-8c] 
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Table 2.1. Sludge age values (0,) to achieve total stabilisation of the 
biodegradable fraction of the generated suspended solids, as a function 
of the coefficient of endogenous respiration (Ka) 


Ka (d7!) 0.05 0.07 0.09 0.11 
8. (d) 45 32 25 20 


(Equation 2.2), replacing fp in Equation 2.21 and making rearrangements as 
required, the following equation is obtained: 


1 


Ka / 1 Ei fy 


For values of fy typically equal to 0.8, Equation 2.22 can still be rearranged 
into the following simplified form: 


ð. = (2.22) 


0, = 2.24/Ka (2.23) 


Equations 2.22 and 2.23 allow the theoretical determination of the limit O value, 
above which all the produced biodegradable biological solids are destroyed 
through aerobic digestion in the reactor. Thus, in the volatile suspended solids only 
the non-biodegradable fraction (inert, or endogenous) will remain, and in the total 
suspended solids, only the inorganic fraction (fixed) and the non-biodegradable 
fraction will remain. In these conditions, the excess sludge requires no additional 
separate digestion. The oxidation of the organic carbonaceous matter from the 
wastewater will continue, because the active solids are present in higher concen- 
trations than the biodegradable solids. 

For typical values of Kg, Table 2.1 shows the limit O. values for complete 
digestion in the reactor of the biodegradable biological solids formed, according 
to the simplified Equation 2.23. 

As expected, the larger the coefficient of bacterial decay Ka, the lower the sludge 
age required for the complete stabilisation of the biodegradable solids. 

The above calculations can be confirmed, related to the solids distribution in 
the treatment. If a sludge age equal to the limit value is adopted, it can be seen that 
the destruction of the biodegradable solids will be the same as their production. 

As an additional detail, the substrate utilisation rate (U) that leads to total 
stabilisation is given by: 


U = ir (2.24) 


For sludge ages under the limit value, the digestion of the produced biodegrad- 
able solids is incomplete, although it can be, in practical terms, sufficient (in the 
sense that no additional separate digestion is required). On the other hand, for 
sludge ages above the limit value, total destruction is achieved (in fact, in the 
calculation, the destruction component becomes larger than the production one). 
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For a given sludge age, the removal percentage of biodegradable solids is given 
by Equation 2.25, while the removal percentage of the volatile solids is obtained 
using Equation 2.26. When analysing the efficiency of a sludge digestion process, 
the concept of percentage destruction of volatile solids is normally used. For com- 
parison purposes, the typical efficiencies in the reduction of volatile solids in the 
anaerobic sludge digestion vary from 45 to 60%, and in the aerobic (separate) di- 
gestion, they vary from 40 to 50% (Metcalf and Eddy, 1991). The formulae shown 
below do not take into account the solids present in the influent wastewater to the 
reactor: 


Oo 
% destruction of SS, = (=) -100 (2.25) 
br “Ve 
fy-Ka-0c 
% destruction of VSS = (ES E ; E 3 ) -100 (2.26) 
br “Ve 


Tables 2.2 and 2.3 show the calculated values of the percentage removal of SSp 
and VSS, respectively, for different values of 8, and Kg. 


Table 2.2. Percentage removal of the volatile biodegradable suspended solids formed in 
the reactor 


o. Percentage removal of the produced biodegradable volatile SS (SS,) (%) 

(day) Ky = 0.05 d-! Ky = 0.07 d-! Ky = 0.09 d-! Ky = 0.11 d7! 
4 17 23 28 33 
8 31 40 48 55 

12 42 53 63 72 

16 52 65 76 86 

20 60 75 87 99 

24 68 84 98 = 

28 75 92 - - 

32 81 100 — = 


Table 2.3. Percentage removal of the volatile suspended solids formed in the reactor 


o. Percentage removal of the produced VSS (%) 

(day) Ky = 0.05 dr! Ka = 0.07 d7! Kg = 0.09 d7! Kg = 0.11 d7! 
4 13 18 21 24 
8 23 29 33 37 

12 30 37 42 46 

16 36 42 47 51 

20 40 47 51 55 

24 44 50 55 — 

28 47 53 — - 
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2.8 RECIRCULATION OF THE ACTIVATED SLUDGE 


To achieve a high concentration of solids in the reactor and a sludge age greater 
than the hydraulic detention time (O. > t), it is necessary to recirculate or retain 
the sludge in the system. The sludge retention processes can be adopted in sys- 
tems with intermittent operation, such as batch systems. The sludge recirculation 
through pumping is the most commonly used and is typical of the continuous-flow 
conventional activated sludge and extended aeration processes. 

The amount of sludge to be recirculated will depend fundamentally on the qual- 
ity of the sludge settled in the secondary sedimentation tank: the more concentrated 
the sludge, the lower the recirculation flow needs to be to reach a certain solids 
concentration in the reactor. In other words, good sludge settleability and thick- 
ening properties in the secondary sedimentation tank, resulting in a return sludge 
with higher SS concentration, will lead to a reduction in the recirculation flow. 
However, this analysis is complex, since the flow at the bottom of the secondary 
sedimentation tank (usually equal to the return sludge flow plus the excess sludge 
flow) in itself affects the concentration of the settled sludge. The SS concentration 
in the return sludge is called RASS (return activated sludge suspended solids, 
also expressed as X;,). 

Figure 2.2 shows the items that integrate the solids mass balance in the biological 
stage of the activated sludge system. 

The return sludge ratio R is defined as: 


R = Q,/Q (2.27) 


The mass balance in a complete-mix reactor operating in the steady state 
leads to: 


Accumulation = Input — Output + Production — Consumption 


SUSPENDED SOLIDS MASS BALANCE IN THE SYSTEM 


SECONDARY 
REACTOR SEDIMENTATION 
INPLUENT EFFLUENT 
ty | % 
S | a Q- aox 
i v 
Qu X; 
X ji 
a, =" X, 
RETURN SLUDGE Sor, EXCESS 


Figure 2.2. Suspended solids mass balance in the activated sludge system 
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In this mass balance, the following specific items are applicable: 


e accumulation = 0 (there are no mass accumulations in the steady state) 

e production = consumption (bacterial growth equals the removal of excess 
sludge in the steady state) 

e input = raw sewage SS load + return sludge SS load 

e output = MLSS load 


The SS load in the raw sewage (Q-X,) is small, compared with the return sludge 
load (Q,-X;). Neglecting the SS load in the raw sewage, one arrives at the following 
mass balance in the reactor: 


Input = Output 
QrX = (Q + Q)-X (2.28) 


After rearrangement of Equation 2.28: 


R= 2 = 5-5 (2.29) 


By rearranging Equation 2.29, the formula that expresses X, as a function of X 
and R, in the steady state, can be obtained: 


(R+ 1) 


X =X 
R 


(2.30) 


If the mass balance had been made in the secondary sedimentation tank, the 
results obtained would be the same: 


Input = Output 


Equation 2.29 assumes that there are no biochemical mass production and 
consumption processes in the settling tanks, that the amount of solids leaving the 
settling tank through the final effluent (supernatant) is negligible and that Q, = Qu 
(that is, the flow Qex is negligible compared to Q,). Equation 2.31 is identical to 
Equation 2.28 and the values of R (Equation 2.29) and X, (Equation 2.30) can be 
deduced from it. 


Example 2.5 


Calculate the required return sludge ratio to maintain a SS concentration in the 
reactor of Example 2.1 equal to 3,125 mg/L, knowing that the return sludge 
has an average SS concentration of 10,000 mg/L, as determined from measure- 
ments. Also calculate the return sludge flow, considering that the influent flow 
is 1,500 m?/d. 
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Example 2.5 (Continued) 
Solution: 
Using Equation 2.29: 


X 3,125 


R= — — 
X:—X 10,000 — 3,125 


0.45 


If the return sludge ratio is known, Q, can be calculated through the rear- 
rangement of Equation 2.27: 


Q, = R-Q = 0.45 x 1,500 m?/d = 675 mº/d 


The reason for using SS instead of VSS in the example is that most frequently 
in the operational routine of the treatment plant the solids concentrations are 
determined as SS, for simplicity reasons. However, in the calculations that 
involve biological stages (reactor), it is interesting to consider VSS, for the sake 
of uniformity and greater coherence. In this example, the SS concentration of 
3,125 mg/L in the reactor corresponds to a VSS of 2,500 mg/L (VSS/SS ratio 
of 0.8). 


The concentration of suspended solids in the return sludge (RASS) depends on 
the settling and thickening characteristics of the sludge, the MLSS concentration 
and the underflow from the settling tank. Typical average values of RASS are 
around: 


SS in the return sludge (RASS): 8,000 to 12,000 mg/L 


RASS can vary significantly along the day, outside the range given above, as a 
result of variations in the influent solids load to the settling tank. 

The factors influencing the sludge quality are related to several design and op- 
erational parameters. Some important aspects are discussed here (Arceivala, 1981; 
Eckenfelder, 1980; Ramalho, 1977) and further examined in Chapters 10 and 12: 


e Very low sludge ages can imply a bacterial growth with a tendency to be 
dispersed, instead of a flocculent growth. 

e Very high sludge ages may result in a floc predominantly consisting of a 
highly mineralised residue of endogenous respiration, with a small floccu- 
lation capacity. 

e Certain environmental conditions in the reactor such as low DO levels may 
lead to the predominance of filamentous microorganisms, which have a rel- 
atively high surface area per unit volume. These microorganisms, however, 
generate a poorly settling floc, giving rise to the so-called sludge bulking. 

e A plug-flow reactor is capable of producing a sludge with a better set- 
tleability (predominance of the floc-forming bacteria over the filamentous 
ones) than a complete-mix reactor. 
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Usually, when maintaining the sludge age within the usual design ranges, the 
aeration is enough, and certain constituents of the raw sewage are within the accept- 
able limits, the sludge is expected to flocculate well and exhibit good settleability 
and compactness in the secondary sedimentation tank. As a result, the recirculation 
ratio can be lower. 

A recirculation ratio around 0.5 is adopted in systems operating in temperate 
climates, in which good compaction of the sludge in the secondary sedimentation 
tank is aimed at. In warm-climate regions, however, the tendency is to use higher 
values of R. One reason is that in these regions nitrification is very likely to oc- 
cur in the reactor, due to the high temperatures. Additionally, it is also probable 
that denitrification will occur in the secondary sedimentation tank. The denitrifi- 
cation corresponds to the transformation of the nitrate into gaseous nitrogen. The 
N? bubbles are released by the bottom sludge and, in their upward movement, they 
adhere to the sludge flocs, transporting them to the surface (rising sludge). The 
consequence is an increased solids concentration in the final effluent, which leads 
to its deterioration in terms of SS and particulate BOD. To avoid this effect, the 
sludge recirculation should be faster to minimise denitrification in the secondary 
settler and its effects (Marais and Ekama, 1976). As the sludge is more quickly 
recirculated and becomes less liable to thickening, the solids concentration in the 
underflow sludge is lower, which implies the need for a higher recirculation rate. 
Figure 2.3 schematically illustrates the influence of the return sludge flow (or 
more precisely the underflow Q,) on the RASS concentration, on the level of the 
sludge blanket and on the sludge detention time in the secondary sedimentation 
tank. 

Typical values adopted in the operational routine of treatment plants operating 
in warm-climate regions are: 


Return sludge ratio: R = 0.7 to 1.2 


INFLUENCE OF THE UNDERFLOW RATE ON THE RASS CONCENTRATION, SLUDGE BLANKET LEVEL 
AND SLUDGE DETENTION TIME IN THE SECONDARY SEDIMENTATION TANK 


high sludge 
lanket 


law sludge 
blanket 


high sludge low sludge 
detention time detention time 


high X, high Qu y low X, 


Figure 2.3. Influence of Qu on the SS concentration in the return sludge, the sludge 
blanket level and the sludge detention time in the secondary sedimentation tank 


low Q, 
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However, the design should foresee a pumping capacity of around R = 1.5, for 
situations in which it becomes necessary to increase Q,. 

The increase in the capacity of an existing treatment plant can be obtained 
through an increase in the recirculation capacity, instead of expanding the reactor 
volume. This is true especially for systems having a low VSS concentration in 
the reactor. Through an increase in the value of R (and/or decrease in the excess 
sludge flow), an increase in VSS can be obtained, up to the practical limits discussed 
above (provided that the oxygenation capacity is enough for the new higher value 
of biomass respiration). The new value of R cannot be determined directly from 
Equation 2.29, using the new value of X. This is due to the fact that an increase in 
R may lead to a decrease in X,. 

It should be very clear that the existence of the sludge recirculation affects only 
the sludge age, with the hydraulic detention time remaining unaffected. The mass 
balance of the liquid remains constant (input = output), unlike the sludge, which 
is retained in the system. In a system with a return sludge ratio of R= 1 (Q = Q;) 
each molecule of water has on average, probabilistically, the chance of passing 
twice through the reactor (an initial passage and another with the recirculation). 
As the influent flow is doubled (Q + Q, = 2Q), the detention time in each passage 
is reduced to half (t/2). However, in the overall balance, after the two passages, the 
total time will be the same as t, therefore independent of the recirculation ratio. 

Another aspect that should be very clear is the interaction between the return 
sludge flow Q,, the excess sludge flow Q.x and the sludge age. The flows Q, and Q.x 
are intimately connected, since both compose the underflow from the secondary 
sedimentation tank (Qu). Thus: 


Qu = Qr + Qex (2.32) 


Irrespective of how the excess sludge is removed (directly from the reactor or 
from the return sludge line), the net contribution of the recirculated sludge will 
always be equal to Q, = Qu — Qex. Two situations can happen: 


e Fixed underflow Qu. In these conditions, increasing Q, automatically de- 
creases Qex (see Equation 2.32). When reducing Qex, the system’s sludge 
age increases, since the amount of sludge removed from the system is 
reduced. 

e Increase of the underflow Q,. When increasing Q, and maintaining Q.x 
fixed, the underflow Q, increases. However, the total mass of solids in 
the system remains the same, since the removal of solids from the system 
was not changed (fixed Qex). There is only a larger transfer of solids from 
the secondary sedimentation tank to the reactor, due to the increase in Q,. 
Thus, the solids mass in the reactor increases, but the mass in the system 
(reactor+secondary sedimentation tank) remains the same. If the sludge 
age is computed in terms of only the solids mass in the reactor, there will be 
an apparent increase in the sludge age. On the other hand, if the sludge age 
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is computed in terms of the solids mass in the system (reactor +secondary 
sedimentation tank), there will be no change in it. 


In a simplified manner, the roles of Q, and Qex in the activated sludge system 
can be understood as follows (Takase and Miura, 1985): 


e The return sludge flow Q, affects the balance of solids between the reactor 
and the secondary sedimentation tank. 

e The excess sludge flow Qex affects the total mass of solids in the system 
(reactor+secondary sedimentation tank). 


It is important to understand that the design and the operation of activated sludge 
systems require an integrated view of the reactor and the secondary sedimentation 
tank. The biological stage depends strongly on the solid—liquid removal stage. 
Therefore, it is fundamental to understand the settling and thickening phenomena. 


2.9 PRODUCTION AND REMOVAL OF EXCESS SLUDGE 
2.9.1 Sludge production 
(a) Production of biological solids 


As thoroughly discussed, an amount of sludge equivalent to the VSS produced 
daily, corresponding to the reproduction of the cells that feed on the substrate, 
should be removed from the system, so that it remains in balance (production of 
solids = removal of solids). A small part of this sludge leaves the system with 
the effluent (supernatant) of the secondary sedimentation tank, but most of it is 
extracted through the excess sludge (Qex). The excess sludge should be directed 
to the sludge treatment and final disposal stages. 

An alternative way to present the net production is through the rearrangement 
of net production of VSS and Equation 2.4 (calculation of the reactor volume). 
Thus, Px, can be expressed as: 


P,, net = Gross production of Xy — Destruction of Xp 
Pav = Y-Q:(So = S) = Kafo: Xy V (2.33) 


The same value can be arrived at using the concept of the observed yield co- 
efficient (Y obs), which directly reflects the net production of the sludge. Yobs and 
Ps, can be obtained: 


Y 
Yobs = —— >» 2.34 
s IF a ee (2.34) 


Pa = Yons-Q.(So — S) (2.35) 
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To obtain the production of biological solids in terms of TSS (Px), Px, should 
be divided by the VSS/TSS ratio. 


Example 2.6 


For the conventional activated sludge system described in Example 2.1, calcu- 
late the production of biological solids. Data from Examples 2.1, 2.3 and 2.4 
include: 


Q =1,500 m3/d 0, = 6 days Y =0.7 

So = 300 mg/L X, = 2,500 mg/L Ky=0.09d! 

S = 8 mg/L V = 535 m? f, = 0.72 
VSS/SS = 0.80 


Do not consider the solids in the raw sewage. 
Solution: 
(a) Calculation of the BOD load removed (information required in 
Example 2.7) 
S; = Q(So—S) = 1,500 m?/d x (300 — 8) g/m? x 1073 kg/g 
= 438 kgBOD/d 


(b) Calculation of the biological solids production according to Equation 2.33 
Py, =YQ(S — S) — Ka-fp-Xy-V 
Pa = 0.7 x 1,500 m?/d x (300 — 8) g/m? x 1073 kg/g 
— 0.09 d7! x 0.72 x 2,500 g/m? x 535 m? x 107° kg/g 
Pay = 307 — 87 = 220 kgVSS/d 


In terms of TSS, the production is: 
Px = Pxy/(VSS/SS) = (220 kg/d)/(0.8) = 275 kgSS/d 


(c) Calculation of the biological solids production according to Equations 
2.34 and 2.35 


Y 0.7 

~ 1+f)KaO. 140.72 x 0.090 x6d 

Pay = Yobs-Q.(So — S) = 0.50 x 1,500 m?/d x (300 — 8) g/m? x 10 kg/g 
= 220kgVSS/d 


0.50 


Y obs 
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Example 2.6 (Continued) 
In terms of TSS, the production is: 
Px = Pyy/(VSS/SS) = (220kg/d)/(0.8) = 275 kgSS/d 


It is observed, therefore, that the values of P,, and Px obtained using Equa- 
tions 2.33 and 2.35 are identical. Concerning the calculation of the distribution 
of the solids in the treatment, the daily production of VSS could have been 
obtained through the direct use of the simplified formula of Y obs- 


(b) Production of excess sludge 


The solids present in the raw sewage (inorganic solids and non-biodegradable 
solids) also contribute to the production of excess sludge. The methodology for 
calculating the VSS/SS ratio and the production of secondary sludge including 
these solids is described in the general example in Chapter 5. If an initial approx- 
imation is desired, the values of Table 2.4 can be used, which were calculated for 
predominantly domestic sewage using the model described in this chapter, as well 
as the methodology exemplified in Section 2.13. 

Table 2.4 includes the following alternatives of whether or not to consider the 
solids in the raw sewage and the presence of primary sedimentation tanks (in which 
approximately 60% of the suspended solids and 30% of BOD are removed): 


e disregard the solids in the raw sewage (as is the case in most designs, but 
which leads to some distortions) 

e consider the solids in the raw sewage in a system with primary sedimenta- 
tion tanks 

e consider the solids in the raw sewage in a system without primary sedi- 
mentation tanks 


In Table 2.4, different combinations of the coefficients Y and Kg are presented (a 
high Y with a low Kg and vice versa). The VSS/SS ratio is relatively independent 
of the coefficients Y and Kg (in the range shown in the table) and is shown in 
Table 2.4 only as single intermediate values. The production of excess secondary 
sludge is more sensitive and is described according to three possible coefficient 
combinations (the first pair Y — Kg results in the smallest sludge production, 
opposed to the last pair, in which the sludge production is the highest). 

The utilisation of Table 2.4 is exemplified below. A conventional activated 
sludge plant that receives domestic sewage containing suspended solids, that in- 
cludes a primary sedimentation tank and that has been designed for a sludge age 
of, say, 6 days, is expected to have a VSS/SS ratio of 0.76 and a sludge production 
between 0.75 to 0.95 kgSS/kgBODs removed (depending on the coefficients Y and 
Kg adopted). An extended aeration plant that also contains solids in the influent, 
but does not include a primary sedimentation tank, and that has been designed for 
a sludge age of 26 days, is expected to have a VSS/SS of 0.68 and a sludge produc- 
tion between 0.88 and 1.01 kgSS/kgBODs removed. Of course, in the design of the 
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sludge treatment for the conventional activated sludge plant, the production of 
primary sludge also needs to be taken into account. 

In this example, for a removed BOD; load of 100 kgBOD;/d, a production of 
43.2 kgVSS/d was estimated in the system with a sludge age of 6 days. There- 
fore, the calculated relation was 43.2/100 = 0.43 kgVSS/kgBODs removed. The 
VSS/SS ratio calculated in the example was 0.87. Thus, the specific production 
of SS can be expressed as 0.43/0.87 = 0.49 kgSS/kgBODs removed. This value 
is within the range expressed in Table 2.4 for systems without consideration of 
SS in the influent, without primary settling tanks and with a sludge age of 6 days 
(range from 0.42 to 0.61 kgSS/kgBODs — the variation is due to the different values 
adopted for Y and Kg). The calculated VSS/SS value of 0.87 is identical to the 
value shown in Table 2.4. 

Table 2.4 shows how important it is to consider the influent solids when cal- 
culating the production of excess secondary sludge. The sludge production values 
shown are quite similar to those in the German practice, related by Orhon and 
Artan (1994). According to this reference, conventional activated sludge systems, 
with an influent to the reactor with a SS/BODs ratio of 0.7 (typical of systems 
with primary sedimentation tanks), have a sludge production in the range of 0.82 
to 0.92 kgSS/kgBODs applied (for sludge ages varying from 10 to 4 days, respec- 
tively). Extended aeration systems, with an influent to the reactor with a SS/BODs 
ratio of 1.2 (typical of systems without primary settling tanks), result in a sludge 
production of around 1.00 kgSS/kgBODs applied (sludge age of 25 days). 

Example 2.11 included in Section 2.13 further illustrates how to use 
Table 2.4 for estimating the solids production in an activated sludge system taking 
into account the solids in the influent sewage. 


2.9.2 Removal of the excess sludge 


(a) Without consideration of the influent solids 


In activated sludge systems, the excess sludge can be removed from two different 
locations: reactor or return sludge line. /f the solids in the influent are neglected 
(unrealistic assumption for domestic sewage, but frequently adopted in the litera- 
ture), the excess sludge concentration and flow, which vary with the removal place, 
can be determined as follows: 


e Withdrawal of the excess sludge directly from the reactor (or from the 
reactor effluent). This option is called hydraulic control of the system. 
The concentration of excess sludge is the same as the concentration of SS 
in the reactor (MLSS). If one wants to maintain the sludge age constant, 
the flow Qex can be obtained by: 


Qu == (2.36) 


SS concentration = MLSS (=X) (2.37) 
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where: 
Qex ’ = excess sludge flow removed from the reactor (m'/d) 
V = reactor volume (m?) 
0, = sludge age (d) 
X = MLSS concentration (mg/L) 


e Withdrawal of the excess sludge from the return sludge line. The con- 
centration of excess sludge is the same as the concentration of SS in the 
return sludge (RASS). If one wants to maintain the sludge age constant, 
the flow Qex can be obtained by: 


(2.38) 


SS concentration = RASS (= X,) (2.39) 


where: 
Qex ” = excess sludge flow removed from the return sludge line (m? /d) 
X, = RASS concentration (mg/L) 


The removal of excess sludge from the return sludge line requires a flow Qex 
smaller than that required in the hydraulic control (X,/X times smaller). Thus, the 
sludge flow to be treated is smaller, but the Joad of solids, which is equal to the 
product of concentration and flow, is the same. On the other hand, the hydraulic 
control is simpler, not requiring the determination of the SS concentration in the 
reactor and in the return line. In the hydraulic control, if one wants to maintain a 
sludge age of, for example, 20 days, it will suffice to remove 1/20 of the volume 
of the reactor per day as excess sludge. 


(b) Considering the influent solids 


It should be remembered that the methods shown in item (a) above do not take 
into account the influence of the solids in the influent wastewater (particularly the 
inert solids), and compute only the production and removal of the biological solids 
produced in the system. If the influent solids are considered, the calculations should 
be based on the total excess sludge production (Px), as discussed in Section 2.9.1.b: 


e Withdrawal of the excess sludge directly from the reactor (or from the 
reactor effluent) 


P,-1,000 
ie eee 2.40 
Q X (2.40) 
SS concentration = MLSS (=X) (2.41) 


where: 
P, = excess sludge production (kgSS/d) 
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Table 2.5. Items to be considered in the removal of the excess sludge from the activated 
sludge system 


Process Item 


Conventional The secondary excess sludge requires subsequent stabilisation, 
activated which is completed in the sludge treatment stage 

sludge The sludge can be removed directly from the reactor (smaller 
concentration of SS, larger Qex) or from the return sludge line 
(larger concentration of SS, smaller Qex) 

The excess sludge can be removed continuously or intermittently 
The excess sludge can be directed separately to the sludge treat- 
ment stage (including digestion) or returned to the primary set- 
tling tank, for sedimentation and treatment together with the 
primary sludge (smaller plants) 


Extended The secondary sludge is already largely stabilised and does not 
aeration require a subsequent digestion stage 

The sludge can be removed directly from the reactor or from the 
return sludge line 

The sludge can be removed continuously or intermittently 

The excess sludge is usually sent directly to the sludge- 
processing phase. 


e Withdrawal of the excess sludge from the return sludge line 


Px-1, 000 
= 2.42 
Q X, (2.42) 
SS concentration = RASS(= X,) (2.43) 


In the estimation of the excess sludge load to be removed, the suspended solids 
load in the final effluent can be discounted from the total value. The loss of solids 
in the final effluent is unintentional, but, in practice, it does occur. However, in 
most situations, this term is small, compared to the overall solids production. 

A summary of additional aspects related to the removal of excess sludge is 
listed in Table 2.5. 


Example 2.7 


For the activated sludge system described in Example 2.6, determine the amount 
of excess sludge to be removed daily. Analyse the alternative methods of (a) 
removing the sludge directly from the reactor and (b) removing the sludge from 
the return sludge line. Make the calculations under two conditions: (i) without 
consideration of solids in the influent and effluent and (ii) with consideration 
of solids in the influent and in the effluent. 
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Example 2.7 (Continued) 


Data from previous examples: 
Q =1,500m3/d X =3,125 mg/L (MLSS) 
V = 535 m? X, = 10,000 mg/L (RASS) 
0. = 6 days Xe = 30 mg/L (suspended solids concentration 
in the final effluent) 
Solution: 
Without consideration of solids in the influent and effluent: 
(a) Removal of the excess sludge directly from the reactor 
(hydraulic control) 


e Daily flow to be wasted (Equation 2.36): 


V 535 m? 
Qex = S 
0. 6d 


= 89 m*/d 
e SS concentration (Equation 2.37): 
SS = X = 3,125 mg/L 
e Load to be wasted: 
Qex:X = 89 m?/d x 3,125 g/m? x 10 kg/g = 275 kgSS/d 
As expected, this value is equal to the production of biological excess sludge 


(as calculated in Example 2.6), since the system is in equilibrium in the steady 
state (production = removal). 


(b) Removal of excess sludge from the sludge recirculation line 


e Daily flow to be wasted (Equation 2.38): 


x É 3,12 j 
V — S35m' 3,125 g/m = 28 m?/d 


Qe = 6X, = 6d 10,000 g/m? 


Due to the larger concentration of the removed sludge (=X,), the flow 
of the excess sludge Qex is much smaller than that in the alternative method 
of direct extraction from the reactor (Q., = 89 m?/d). 
e SS concentration (Equation 2.39): 


SS = X, = 10,000 mg/L 
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Example 2.7 (Continued) 


e Load to be wasted: 
Qex:X; = 27.8 m?/d x 10,000 g/m? x 10 kg/g = 278 kgSS/d 


As expected, this value is equal to the production of excess sludge (as cal- 
culated in Example 2.6) and equal to the load to be extracted by the reactor in 
alternative “a” (any differences are due to rounding up). 


With consideration of solids in the influent and effluent: 


e BOD load removed (calculated in Example 2.6, item a): 
S; = 438 kgBOD/d 


e Load of SS produced: 


From Table 2.4, sludge age of 6 days, considering solids in the influent and 
system with primary sedimentation tank: P,/S, = 0.87. Therefore, Px is: 


Px = (P/Sy-BOD load removed = 0.87 kgSS/kgBOD x 438 kgBOD/d 
= 381 kgSS/d 


e Load of SS escaping with the final effluent: 


Load SS effluent = Q-X. = 1,500 m?/d x 30 mg/L x 10? kg/g 
= 45kgSS/d 
e Excess sludge load to be removed daily: 
Load excess sludge = P,— load SS effluent = 381 — 45 = 336 kgSS/d 
Note: the SS load to be removed (equal to the production of biological solids), 


calculated in the first part of this example, was 278 kgSS/d. 


(a) Removal of the excess sludge directly from the reactor 
(hydraulic control) 


e Daily flow to be wasted (adaptation of Equation 2.40, discounting the solids 
in the effluent): 


load excess sludge x 1,000 336 x 1,000 
a = i = =1 
Q X 3.125 08 m”/d 


e SS concentration (Equation 2.41): 


SS = X = 3,125 mg/L 
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Example 2.7 (Continued) 
(b) Removal of excess sludge from the sludge recirculation line 


e Daily flow to be wasted (adaptation of Equation 2.42, discounting the solids 
in the effluent): 


On! = load excess sludge x 1,000 _ 336 x 1,000 —34m?/d 
X 10,000 


e SS concentration (Equation 2.43): 
SS = X, = 10,000 mg/L 
The differences in loads and flows, compared to the calculations made in 


the first part of the example (without consideration of SS in the influent and 
effluent) should be noted. 


2.10 OXYGEN REQUIREMENTS 
2.10.1 Preliminaries 


In aerobic biological treatment, oxygen should be supplied to satisfy the following 
demands: 


e oxidation of the carbonaceous organic matter 
e oxidation ofthe organic carbon to supply energy for bacterial synthesis 
e endogenous respiration of the bacterial cells 

e oxidation of the nitrogenous matter (nitrification) 


In systems with biological denitrification, oxygen savings due to denitrification 
can be taken into consideration. 

The present section is devoted to the analysis of aspects related to the oxygen 
consumption. 

There are two ways to calculate the oxygen requirements for the satisfaction 
of the carbonaceous demand. Both are equivalent and interrelated, and naturally 
lead to the same values: 


e method based on the total carbonaceous demand and on the removal of 
excess sludge 

e method based on the oxygen demand for synthesis and for endogenous 
respiration 


The oxygen demand for the nitrification is based on a stoichiometric relation 
with the oxidised ammonia. Although this chapter deals only with the removal of 
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the carbonaceous matter, the consumption of oxygen for nitrification should also 
be taken into consideration, since in warm-climate regions nitrification takes place 
almost systematically in systems designed for the removal of BOD. 


2.10.2 Carbonaceous oxygen demand 


(a) Method based on the total carbonaceous demand and the removal of 
excess sludge 


The supply of oxygen for the carbonaceous demand should be the same as the 
consumption of oxygen for the ultimate BOD (BOD,) removed by the system. 
This demand corresponds to the total oxygen demand for the oxidation of the 
substrate and for the endogenous respiration of the biomass. The ultimate BOD, 
in turn, is the same as the BODs multiplied by a conversion factor that is in the 
range of 1.2 to 1.6 for domestic sewage. A value usually adopted is BOD, /BODs 
equal to 1.46. Thus, the mass of oxygen required per day can be determined as a 
function of the removed BOD; load: 


1.46-Q-(S, — S) 


OUR (kg/d) = i 


(2.44) 


where: 


OUR = oxygen utilisation rate, or oxygen requirement (kgO2/d) 
Q = influent flow (m? /d) 
So = influent BOD; concentration (total BOD) (g/m?) 
S = effluent BOD; concentration (soluble BOD) (g/m?) 
1.46 = conversion factor (BOD, /BODs) 
10° = conversion factor (g/kg) 


However, in the activated sludge system, part of the influent organic matter is 
converted into new cells. A mass equivalent to that from the cells produced is 
wasted from the system (production = wastage in a system in the steady state). 
For this reason, the fraction corresponding to the oxygen consumed by these cells, 
which will not be completed inside the system, should be discounted from the total 
oxygen consumption. As demonstrated by Equations 2.11 and 2.12 (Section 2.6), 
each 1 g of cells consumes 1.42 g of oxygen for its stabilisation. Thus, Equation 2.44 
can be expanded and written literally as: 


OUR = Removed BOD, — [1.42 x (solids produced)] (2.45) 
(kg/d) (kg/d) (kg/d) 


The mass of volatile suspended solids produced per day (Pxy) is given by Equa- 
tion 2.33 or 2.35. Thus, the consumption of oxygen for the stabilisation of the 
carbonaceous organic matter can be expressed through (Metcalf and Eddy, 1991): 


OUR (kg/d) = 1.46-Q.(S, — S) — 1.42-Pyy (2.46) 
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By replacing P,, in the above equation by the right-hand side of Equation 2.35 
(equation that expresses Px, in terms of Y ops), another form of representing the 
consumption of oxygen is obtained, after some rearrangement: 


(2.47) 


OUR (kg/d) = Q(S, — S): (1.46 142% ) 


1+Ky-fy-0, 


Example 2.8 


Estimate the oxygen consumption for the oxidation of the carbonaceous matter 
in the conventional activated sludge (6, = 6 days) and in the extended aeration 
(0. = 22 days) systems. 

Data: 


Removed BOD load: Q- (S,—S) = 100.0 kg/d 
SSV production: P,, = 43.2 kg/d (conventional activated sludge) 
SSV production: P,, = 28.2 (extended aeration) 


Solution: 
e Conventional activated sludge (Equation 2.46) 
OUR = 1.46-Q-(S, — S) — 1.42-Pyy = 1.46 x 100.0 — 1.42 x 43.2 
= 84.7kgO,/d 
e Extended aeration (Equation 2.46) 
OUR = 1.46-Q-(S, — S) — 1.42-Pyy = 1.46 x 100.0 — 1.42 x 28.2 
= 106.0kgO2/d 


As expected, the extended aeration leads to a greater oxygen consumption, 
compared with the conventional activated sludge system. In this example, the 
difference is due to the lower removal of the excess sludge in the extended 
aeration plant. If the conventional activated sludge system had included a pri- 
mary sedimentation tank (as is usual), the influent BOD; load to the biological 
treatment stage would have been smaller, resulting in an even smaller oxygen 
consumption. 


(b) Method based on the oxygen demand for substrate oxidation 
and endogenous respiration 


The oxygen demand for the oxidation of the carbonaceous organic matter can be 
divided into two main components: 


e oxygen demand for synthesis 
e oxygen demand for endogenous respiration 


Principles of organic matter removal 51 


The equation for the O, consumption can be obtained by rearranging Equa- 
tion 2.46. Thus, if Pyy is replaced by the right-hand-side of Equation 2.33, one will 
arrive at the following: 


OUR (kg/d) = 1.46-Q-(Sp — S) — 1.42-Pxy (2.46) 
OUR (kg/d) = 1.46-Q-(S, — S) — 1.42-[Y-Q- (So — S) — fy:Kg-XyV] 
(2.48) 


OUR (kg/d) = (1.46 — 1.42-Y)-Q-(S, — S) + 1.42-f-Ka Xv- V] (2.49) 


The above equation can be expressed in the following simplified way: 


OUR (kg/d) = a’-Q.(S, — S) + b’-X,-V (2.50) 
where: 
a’ = 1.46 — 1.42.Y 
b = 1.42-f,-Ka 


This equation provides a very convenient way of expressing the oxygen con- 
sumption through its two main components: synthesis (first term on the right-hand 
side) and the biomass respiration (second term on the right-hand side). For exam- 
ple, in an existing system, the result of the manipulation of the concentration of 
the biomass (X,) in the total oxygen consumption can be directly evaluated. 

With respect to the coefficient values, it should be borne in mind that b’ is a 
function of fp, that is, indirectly, of O.. As a consequence, extended aeration systems 
should have smaller values of b’. However, as the volume V of the reactor is much 
larger in these systems, the term on the right-hand side (biomass respiration) is 
larger than that for the conventional activated sludge systems. 

To allow expedited determinations of the average carbonaceous demand, 
Table 2.6 includes values of the OUR/BOD,emovea, for different combinations of 
Y and Kg values. 

With respect to Table 2.6, the following aspects are worth noting: 


e The oxygen consumption for satisfaction of the carbonaceous demand in- 
creases with the sludge age. 

e The lower sludge age range is more sensitive to the values of the coefficients 
Y and Kg. In the extended aeration range, the variation of the oxygen 
demand with the coefficients Y and Kg is smaller. 


Table 2.6. Carbonaceous oxygen demand per unit of BOD; removed 
(kgO2/kgBODs rem), in domestic sewage, for different values of Y and Kg 


Coefficients Sludge age (day) 
Y (g/g) Kad!) 2 6 10 14 18 22 26 30 
0.5 0.09 0.84 0.95 1.02 107 110 113 114 1.14 
0.6 0.08 0.70 0.83 0.91 097 1.01 1.05 1.07 1.07 


0.7 0.07 0.57 0.70 0.80 0.86 0.91 0.95 0.98 1.01 
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The estimation of the oxygen consumption for the oxidation of the car- 
bonaceous matter does not depend on whether solids are present in the 
influent sewage. 

The values included refer to average flow and load conditions, and do 
not take into account adjustments for peak conditions (see example in 
Chapter 5). 


Estimate the oxygen consumption for the oxidation of the carbonaceous matter 
in the conventional activated sludge (8, = 6 days) and in the extended aeration 
(©. = 22 days) systems. Data are: 


Q(So — S) = 100.0 kg/d fe = 0.72 (conventional activated sludge) 


Y = 0.6 fe = 0.57 (extended aeration) 
Kg = 0.09d7! 
Solution: 


(a) Conventional activated sludge 


OUR/BODs = 84.6/100.0 = 0.85 kg0>/kgBODs rem 


(b) Extended aeration 


a! = 0.608 kgO»/kgBODs 


Example 2.9 


Calculation of a’ (Equation 2.50) 
a = 1.46 — 1.42-Y = 1.46 — 1.42 x 0.6 = 0.608 kgO, /kgBODs 
Calculation of b’ (Equation 2.50) 
b' = 1.42-fy-Kg = 1.42 x 0.72 x 0.09 = 0.092 kgO2/kgVSS-d 
Calculation of Xy- V (Equation 2.4) 


© ¥-8¢-Q-(So— S) 0.6 x 6 x 100.0 


V-X = = = 259.2 kgVSS 
1+ f,-Ka-0. 1+ 0.72 x 0.09 x 6 


Calculation of the O2 consumption 

— synthesis: a’-Q-(S,— S) = 0.608 x 100.0 = 60.8 kgO2/d 

— biomass respiration: b’-X,-V = 0.092 x 259.2 = 23.8 kgO2/d 
— total: 60.8 + 23.8 = 84.6 kgO,/d 

O2/BOD;5 removed ratio: 


Calculation of a’ (same as item (a)) 
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Example 2.9 (Continued) 
e Calculation of b’ (Equation 2.50) 


b' = 1.42-f,-Kg = 1.42 x 0.57 x 0.09 = 0.073 kgO>/kgVSS.d 


e Calculation of X, -V (Equation 2.4) 


UE Y-B Q(So — S) 0.6 x 22 x 100.0 
"14+ f)-Ka-@,  1+0.57 x 0.09 x 22 


= 620.1 kgVSS 


e Calculation of the O, consumption 
— synthesis: 60.8 kgO2/d (same as item (a)) 
— biomass respiration: b’-X,-V = 0.073 x 620.1 = 45.3 kgO2/d 
— total: 60.8 + 45.3 = 106.1 kgO,/d 

e O2/BODsS emoved ratio: 


OUR/BODs = 106.1/100.0 = 1.06 kgO./kgBODs rem (very similar to the 
value given in Table 2.6 — notice the difference in the values of Y and Ka) 


(c) Summary 


O; consumption (kgO./d) 


Variant Synthesis Respiration Total 
Conventional 60.8 23.8 84.6 
Extended aeration 60.8 45.3 106.1 


Therefore, it is observed that the larger oxygen consumption in the ex- 
tended aeration plant compared to the conventional activated sludge is due to 
the biomass respiration. It can also be noticed that the total values of oxygen 
consumption are the same ones obtained in Example 2.8 (any differences are 
due to rounding up). 

The O, consumption for biomass respiration can also be calculated by mul- 
tiplying the load of destroyed biodegradable solids by the factor 1.42. 

The present example assumed, for comparison purposes, that the conven- 
tional activated sludge plant had no primary sedimentation tank. In most real 
situations, primary clarifiers are included, leading to a reduction in the influ- 
ent BOD load to the biological stage and, therefore, an even lower oxygen 
consumption. 


The oxygen consumption calculated following the methods described above 
refers to the average steady-state conditions. During peak hours, the maximum 
influent flow usually coincides with the maximum concentration of influent BOD; 
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(Metcalf and Eddy, 1991; von Sperling, 1994c). Thus, if both peaks are coincident, 
the maximum influent load of BODs is (Qmax/Qaverage) x (BODmax/BODaverage) 
times greater than the average load. However, the peak oxygen consumption does 
not necessarily coincide with the peak BODs load, being dampened and lagged 
in some hours. The reason for this is that the soluble BOD is assimilated rapidly, 
while the particulate BOD takes some time to be hydrolysed (without oxygen con- 
sumption) and later assimilated (Clifft and Andrews, 1981). When calculating the 
total oxygen consumption, a safety factor should be included, which is associated 
with the influent peak load or with the maximum flow. 


2.10.3 Oxygen demand for nitrification 


Nitrification corresponds to the oxidation of ammonia to nitrite and, subsequently, 
to nitrate. This oxidation implies an oxygen consumption, which should be in- 
cluded in the total oxygen requirements. The organic nitrogen, also present in the 
raw sewage, does not directly undergo nitrification, but is initially converted into 
ammonia, which then results in its subsequent nitrification. Thus, it is assumed that 
the organic nitrogen and ammonia are capable of generating oxygen consumption 
in the nitrification process. The sum of the organic nitrogen and the ammonia 
nitrogen is represented by TKN (total Kjeldahl nitrogen). 

The principles of nitrification, as well as the conditions for its occurrence, are 
discussed in Chapters 6 and 7. For the purpose of the current section, it is sufficient 
to know that, stoichiometrically: 


1 g TKN requires 4.57 gO, for conversion to NO3 ~ 


Thus: 
OUR (kg/d) = 4.57-Q:-TKN/10° (2.51) 
where: 
TKN = total Kjeldahl nitrogen, equal to the organic nitrogen and the ammonia 
nitrogen (mgN/L) 


In fact, it can be considered that in the raw sewage, TKN represents the total 
influent nitrogen, since nitrite and nitrate concentrations in the influent are normally 
negligible. Thus, TKN is the nitrogen potentially oxidisable to nitrate. 

The bacteria responsible for nitrification have a very slow growth rate, besides 
being very sensitive to changes in the environmental conditions. Consequently, 
nitrification is subject to the compliance to some minimum criteria. In the con- 
ventional activated sludge system, in warm-climate countries, the chances of 
occurrence of nitrification are very high, even in activated sludge systems with 
low sludge ages, because of the high temperatures that accelerate the growth rate 
of the nitrifying bacteria. Therefore, even if only for safety reasons, it is recom- 
mended that the consumption of oxygen for nitrification should be added to the 
total oxygen requirements. In the extended aeration process, in view of the higher 
sludge ages that allow comfortably the growth of the nitrifying bacteria, it can be 
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considered that nitrification takes place systematically, unless some environmental 
restrictions (such as low dissolved oxygen) are present. 

Denitrification implies decreased oxygen requirements. However, to obtain 
significant savings, denitrification should be included as a specific goal in the design 
of the plant. The presence of anoxic conditions is essential for the occurrence of 
denitrification. 


2.11 NUTRIENT REQUIREMENTS 


The microorganisms responsible for the oxidation of the organic matter require 
other nutrients, besides carbon, for their metabolic activities. The main nutrients are 
usually nitrogen and phosphorus, besides other elements in trace concentrations. 

For the treatment system to remove BOD, organic carbon must be the limiting 
nutrient in the medium and the other nutrients must be present in concentrations 
above the minimum level required by the microorganisms. For domestic sewage 
this requirement is usually satisfied, while for certain industrial wastewaters there 
may bea lack of some nutrients, leading to a decrease in the biomass growth rate. In 
several situations, it is advantageous to combine domestic and industrial wastewa- 
ters in the public sewerage network, so that, after mixing and dilution, the influent 
to the treatment plant will be self-sufficient in terms of nutrient requirements. 

The amount of N and P required depends on the composition of the biomass. 
When expressing the typical composition ofa bacterial cell in terms of the empirical 
formulae C5H7O2N or C6oHs7023N12P (Metcalf and Eddy, 1991), the biomass 
synthesised in the treatment plant contains approximately 12.3% of nitrogen and 
2.6% of phosphorus. The cellular residue after endogenous respiration has around 
7% of nitrogen and 1% of phosphorus (Eckenfelder, 1980, 1989). 

According to Eckenfelder (1980, 1989), the amount of nitrogen required is 
equivalent to the nitrogen removed from the system through the excess sludge. The 
main fractions are the nitrogen present in the active biomass that leaves the system 
in the form of excess sludge, and the nitrogen present in the non-active residue 
from the endogenous respiration. Based on the above mentioned percentages of 
the cellular composition, the nitrogen requirement can be estimated: 


N required = N in the active cells from excess sludge 


+ N inthe non-active cells of the excess sludge (2.52) 


Ne = 0.123: (È \ Po +0.07 1- Ê \ P 
req = U. fy’ xv . f xv (2.53) 


where: 
Nreq = required nitrogen load (kgN/d) 
f, = biodegradable fraction of the volatile suspended solids (SS,/VSS) 
f,’ = biodegradable fraction of the volatile suspended solids immediately after 
its generation, usually adopted as 0.8. 
Ps, =net production of volatile suspended solids (kgVSS/d) = X,-V/ 
(107-0.) = Yobs O: (So—S) 
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Table 2.7. Minimum nutrient requirements 


g Ratio between nutrients (in mass) 


Activated sludge (day) BOD; N 


Conventional 4-10 100 4.0-6.0 
Extended aeration 20-30 100 2.5-3.5 


Similarly, for phosphorus, one has: 


fi fi 
Prq = 0.026: (2) Pay + 0.01: (1 - E) Pe 
b 


(2.54) 


To be used by the microorganisms, the nitrogen needs to be in a form that can 
be assimilated, such as ammonia and nitrate. The organic nitrogen first needs to 


undergo hydrolysis to become available for the biomass. 


It can be seen from Equations 2.53 and 2.54 that systems with a high sludge 
age, such as extended aeration, imply lower nutrient requirements, due to the lower 
production of excess sludge. Table 2.7 presents the ranges of N and P requirements 


for conventional activated sludge and extended aeration systems. 


Values usually mentioned in literature are a BODs:N:P ratio of 100:5:1. How- 
ever, it should be borne in mind that these values will apply only to the conventional 


activated sludge, as shown in Table 2.7. 


Example 2.10 


are: 


e Conventional activated sludge: 


0, = 6 days fo = 0.72 
X, = 2,500 mg/L S = 8 mg/L 
V = 535 m? 


e Extended aeration: 


0, = 22 days fp = 0.57 
X, = 3, 000 mg/L S = 3 mg/L 
V = 1,067 m? 
e General data: 
So = 300 mg/L 


TKN = 45 mg/L 
Q = 1,500 m*/d 


Calculate the nitrogen requirement for the two activated sludge systems de- 
scribed in Example 2.1. Important data from this and subsequent examples 
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Example 2.10 (Continued) 
Solution: 
(a) Conventional activated sludge 


The production of biological solids Px, is given by: 
© XV 2,500 x 535 
Co 105.00  1000x6 


= 229 kgVSS/d 


According to Equation 2.53, the required daily nitrogen load is: 


fo fo 
Nreq = 0.123. FTI Piy + 0.07. 4 1 — = -Pv 
fy fh 


= 0.123 Li 229 + 0.07 1 2 229 
= U. x 0.80 x à x 0.80 x 


Nreq = 24.7 + 1.6 = 26.3 kgN/d 


(b) Extended aeration 
The biological solids production P,, is given by: 


© XV 3,000 x 1.067 
~ 103-6. 1000 x 22 


= 146 kgVSS/d 


XV 


According to Equation 2.53, the required daily nitrogen load is: 


fo fo 
Nreq = 0.123. Fy Piy + 0.07. [1 — < ‘Piy 
fo fo 


0.57 0.57 
= 0. — 14 ; 1 — —— 14 
0.123 x (sa) x 146 + 0.07 x ( a) x 146 


Neg = 12.8 + 2.9 = 15.7kgN/d 


(c) Available nitrogen 


For comparison purposes, the influent nitrogen load (TKN) is: 


Q-TKN m? g Ilkg 
= 1,500—.45 =. 
1,000 Co d ~ m3 1,000 


Influent TKN load = = 67.5 kg TKN/d 


The influent nitrogen load expressed in terms of TKN is thus higher than 
the required load, in both activated sludge process variants. 


(d) BOD:N ratio 


The BOD consumed in the two systems is: 
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Example 2.10 (Continued) 


e conventional activated sludge: 


Q(S, — S) m? g kg 
BOs. = Co .(300 — 6 = 438 kgBOD/d 
1,000 T in? 1,000 g eo 
e extended aeration: 
Q(S, — $) m’ g lkg 
BODpem = S ™ = 1,500 —.(300 - 3) È. = 446 kgBOD/d 
1,000 T TE 1,000 g EBD; 


Thus, the required BOD:N ratio is: 


e conventional activated sludge: BOD:N = 438:26.3 or 100:6.0 
e extended aeration: BOD:N = 446:15.7 or 100:3.5 


As can be seen, systems with higher sludge ages have lower nutrient 
requirements. 


2.12 INFLUENCE OF THE TEMPERATURE 


The temperature has a great influence on the microbial metabolism, thereby af- 
fecting the oxidation rates for the carbonaceous and nitrogenous matters. 

In general terms and within certain limits, the rates of most chemical and 
biological reactions increase with temperature. In some chemical reactions, an 
approximate rule of thumb is that the reaction rate doubles for each increase of 
10°C in the medium temperature, resulting from the increased contact between 
the chemical molecules. In biological reactions, the tendency to increase the rates 
with the temperature will remain approximately valid up to a given optimum 
temperature. Above this temperature, the rate will decrease, due probably to the 
destruction of enzymes in the higher temperatures (Sawyer and Mc Carthy, 1978). 

The relation between the temperature and the reaction coefficient can be ex- 
pressed in the following manner: 


Kr = Kyo-07- (2.55) 


where: 
Ky = reaction coefficient at a temperature T (d7!) 
K2 = reaction coefficient at a standard temperature of 20°C (d7!) 
O = temperature coefficient (—) 
T = temperature of the medium (°C) 


Equation 2.55 is usually valid in the temperature range from 4 to 30°C, defined 
as the mesophilic range, in which most of the aerobic systems are included. The 
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biological activity can also take place in the thermophilic range, at higher tem- 
peratures, found for example, in some anaerobic systems and aerobic digestion 
systems. 

The interpretation of the coefficient O is made in the sense that, if O is equal to, 
say, 1.02, the value of the reaction rate increases by 2% (= 1.02 — 1.00 = 0.02) 
for each increment of | °C in the temperature. 

The influence of the temperature decreases with the increase of the sludge 
age (Eckenfelder, 1980) and is not of great significance in systems with high 
sludge ages (Ekama and Marais, 1977; Cook, 1983; Matsui and Kimata, 1986; 
Markantonatos, 1988; von Sperling and Lumbers, 1989), such as extended aeration. 
Additionally, compared with other treatment processes, the activated sludge system 
is less sensitive to temperature. According to Eckenfelder (1980), this is due to 
the fact that a great part of the BOD, present in the form of particulate BOD, is 
removed physically by adsorption in the floc, which is independent of temperature. 
For example, in aerated lagoons, with low solids concentrations, each organism is 
more directly affected by temperature changes, which justify the large value of O. 

The adaptation of the microorganisms to abrupt temperature changes seems to 
be much slower at higher temperatures. For example, it was observed that several 
months would be needed for the acclimatisation of the biomass to a change of 5 °C 
in the temperature range of 30 °C, while only 2 weeks were necessary for a similar 
adaptation in the range of 15°C (Winkler, 1981). 

Between 10 and 30°C, ua, and Kg increase with temperature. K, decreases 
slightly between 10 and 20°C and increases substantially up to 30°C. Y increases 
between 10 and 20 °C, but it decreases after that. Thus, the effect of the temperature 
on substrate removal depends on the combined effect of max, Ks and Y. Similarly, 
the effect on the production of solids depends on the combined effect on Kg and 
Y (Arceivala, 1981). 

The Task Group for the IWA models (IAWPRC, 1987) recognises the difficulty 
in obtaining temperature correction rates for the model parameters (especially the 
K,-type half-saturation constants), and suggests that the parameters are determined 
in operational conditions considered to be more critical. This aspect is particularly 
important in countries with a temperate climate, where the amplitude of temper- 
ature between winter and summer is significant. However, in many warm-climate 
countries the temperatures of the liquid are not substantially far from 20°C, for 
which the kinetic parameters and stoichiometric coefficients are usually reported. 


2.13 FUNCTIONAL RELATIONS WITH 
THE SLUDGE AGE 


This section analyses the influence of the sludge age on selected important process 
parameters of the activated sludge system. All values have been calculated applying 
the model presented in this chapter. 

To broaden the results, the values are given for three different combinations of 
the parameters Y and Kg, selected to reflect conditions of lower biomass production 
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(smaller Y and larger Kg) and of larger biomass production (larger Y and 
smaller Kg). 

The main relations presented in Table 2.8 and in Figure 2.4 are (von Sperling, 
1996d): 


Production of suspended solids (SS) per unit of BODs(S,) removed. Used 
for the estimation of the production of secondary excess sludge 

Volatile suspended solids (VSS) to total suspended solids (SS) ratio. Used 
in several design stages 

Oxygen consumption (Oz) needed to satisfy the carbonaceous demand per 
unit of BODs(S,) removed. Used for the design of the aeration system 
Mass of mixed liquor volatile suspended solids required (Xy: V) per unit of 
BODs(S,) removed. With the product X,-V, for a given adopted value of 
the mixed liquor volatile suspended solids (X,), the required volume for 
the reactor (V) may be determined 


The following comments can be made with respect to Table 2.8 and 
Figure 2.4: 


The Pss/S, and VSS/SS ratios were presented in Section 2.9.1. 

The O2/S, ratio was presented in Section 2.10.2. 

The influence of the consideration of the influent solids to the reactor and 
of the presence of primary settling on the production of secondary excess 
sludge and on the VSS/SS ratio in the reactor can be seen clearly. 

The relations 0,/S, and X,-V/S, are not affected by the presence of primary 
settling or solids in the influent. Obviously, ina system with primary settling 
the BOD load to the reactor will be lower, but the values of O2 and X,-V 
per unit of BOD removed in the reactor will be the same. 

The VSS/SS ratio is little affected by the values of the coefficients Y and 
Ka. 

The relations O2/S, and X,-V/S, are highly influenced by the values of the 
coefficients Y and Kg. 


When using the data from Table 2.8 for a quick design, the following points 
should be taken into consideration (further details are given in Chapter 5): 


If nitrification is desired to be included in the computation of the average 
oxygen consumption (which is always advisable), the values of the O2/S, 
ratio in the above table starting from the sludge age of 4 days (in warm- 
climate regions) should be increased by around 50 to 60% (for typical 
values of influent TKN and assuming full nitrification, oxygen savings 
through the removal of nitrogen with the excess sludge and absence of 
intentional denitrification). 

To estimate the oxygenation capacity to be added to the system, the average 
oxygen consumption needs to be multiplied by a factor, such as the ratio 
between the maximum flow and the average flow (approximately 1.5 in 
medium to large plants, and 2.0 in smaller plants). This is the value of the 
oxygen demand in the field. 
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Sludge production (Pss) per BOD removed (Sr) 


Pss/Sr (kg/kg) 


0 5 10 15 20 25 30 
Sludge age (d) 


(in each range: lower curve: Y = 0.5 and K, = 0.09 d-'; intermediate curve: 
Y = 0.6 and K, = 0.08 d!; upper curve: Y = 0.7 and K, = 0.07 d`!) 


Conventional activated sludge systems (dc < 10 d) usually include primary settling, 
while extended aeration systems (0, > 18 d) do not usually include primary settling 


VSS/SS ratioin the reactor 


0.9 
without influent solids 
with solids, with primary settler 


with solids, without primary settler 


VSS/SS (kg/kg) 
So 
[oe] 


0 5 10 15 20 25 30 
Sludge age (d) 


(variation of the coefficients Y and Kg: small influence; not considered) 


Conventional activated sludge systems (dc < 10 d) usually include primary settling, 
while extended aeration systems (0c > 18 d) do not usually include primary settling 


Figure 2.4. Functional relations of process variables with the sludge age 


If one wants to express the oxygen demand under standard conditions 
(20°C, clean water, sea level), the field demand has to be divided by a 
factor between 0.55 and 0.65. 

If one wants to express the relations in terms of the BOD load applied to 
the reactor, instead of the removed load, the corresponding values must be 
multiplied by 0.93 to 0.98, which correspond to the typical BOD removal 


efficiencies [(So—S)/So]. 
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VSS mass (X,:V) per BOD removed (Sr) 


= 


oOo N A Q DO CO 


X,-V/Sr (kg/(kg/d)) 


0 5 10 15 20 25 30 
Sludge age (d) 


(in the range: lower curve: Y = 0.5 and Kg = 0.09 d”!; intermediate curve: 
Y =0.6 and Kg = 0.08 d!; upper curve: Y = 0.7 and Kg = 0.07 d~’) 


To obtain the required reactor volume, simply divide the value of X,-V (kg) 
by the adopted value of X, (kg/m?) 


Oxygen consumption (O2) per BOD removed (Sr) 


0,/Sr (kg/kg) 


0 5 10 15 20 25 30 
Sludge age (d) 


(in the range: lower curve: Y = 0.7 and Kg = 0.07 d”!: intermediate curve: 
Y = 0.6 and Kg = 0.08 d”!; upper curve: Y = 0.5 and Kg = 0.09 d~!) 


This consumption is for the average carbonaceous demand. To obtain the total demand, 
the consumption for nitrification and the provision of oxygen for the maximum flow must be considered 


Figure 2.4 (Continued ) 


To facilitate the implementation of a quick automated design tool in the com- 
puter, thus avoiding the need to refer to Table 2.8 and allowing a continuous 
solution for any sludge age within the range (not only those given in Table 2.8), 
von Sperling (1996d) made regression analyses which correlated the various vari- 
ables and ratios in Table 2.8 with the sludge age. The structure adopted for the 
regression equation was the multiplicative (y = a-x?). The results are included in 
Table 2.9. 

In all the regressions the fitting was excellent (coefficients of determination 
R? greater than 0.98). The utilisation of the equations is as follows. For example, 
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Table 2.9. Regression analysis comparing several relations included in Table 2.8 and 
the sludge age (influent solids considered) 


Coefficients Equation y = a-(0,)° 


Relation Solidsin Primary 
(y) the influent settling Y (g/g) Kg(d7') a b 
SS/S, Yes Yes 0.5 0.09 0.900 —0.110 
(kgSS/ 0.6 0.08 1.053 —0.115 
kgBODs rem) 0.7 0.07 1.158 —0.126 
Yes No 0.5 0.09 1.145 —0.081 
0.6 0.08 1.318 —0.087 
0.7 0.07 1.401 —0.098 
VSS/SS (g/g) Yes Yes 0.5-0.7 0.07-0.09 0.817 —0.043 
Yes No 0.5-0.7 0.07-0.09 0.774 —0.038 
O,/S, — — 0.5 0.09 0.777 0.118 
(kgO,/ — — 0.6 0.08 0.630 0.161 
kgBODs rem) - — 0.7 0.07 0.483 0.218 
X,:V/Sr o — 0.5 0.09 0.662 0.663 
[kgVSS/ — — 0.6 0.08 0.809 0.671 
(kgBODs/d)] - — 0.7 0.07 0.959 0.682 


the oxygen consumption per unit of BOD removed (O2/S,) for the sludge age 
of 8 days and the intermediate coefficient values (Y = 0.6 and Kg = 0.08 d7!) 
will be (from Table 2.9) a = 0.630 and b = 0.161. The equation is: O2/S, = 
0.630 - (8,)"!®! = 0.630 x (8)º!6! = 0.88 kgO2/kgBODs removed. This value is 
consistent with Table 2.8, after interpolating between the sludge ages of 6 and 10 
days. 

The detailed design sequence of the activated sludge, using the various process 
formulae introduced in this chapter, is presented in Chapter 5. 


Example 2.11 


Undertake a quick design of the biological reactor, based on the data included in 
Table 2.8 and the associated remarks. Determine the volume of the reactor, the 
oxygen consumption, the power of the aerators and the production and removal 
of the excess sludge.Consider an extended aeration plant, with a sludge age of 
25 days and a MLVSS concentration of 3,500 mg/L. Use the influent load 
of 3,350 kgBOD;/d (adopted in the detailed design in Chapter 5). Take into 
account the solids in the influent and assume that the system will not have 
primary settling. 


Solution: 
(a) Estimation of the removed BOD load 
The removed BOD load can be estimated as 95% of the applied BOD. Thus: 


S; = 0.95 x 3,350 kgBODs/d = 3,183 kgBODs/d 
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Example 2.11 (Continued) 


(b) Estimation of the VSS/SS ratio in the reactor and the resulting 
MLSS concentration 


According to Table 2.8 (considering the influent solids and not using primary 
settling), after a linear interpolation between the sludge ages of 22 and 26 days 
for the sludge age of 25 days, one gets: VSS/SS = 0.68. 

For X, = 3,500 mgMLVSS/L, the resulting MLSS concentration is: 


MLSS = 3,500/0.68 = 5,147 mg/L = 5.147 kg/m? 


(c) Estimation of the reactor volume 


According to Table 2.8, by adopting the intermediate coefficient values (Y = 
0.6; Ka = 0.08 d7!) and interpolating between the sludge ages of 22 and 
26 days, one gets: X,-V/S, = 7.0 d7!. 

For X, = 3.5 kg/m? (= 3,500 mgMLVSS/L) and S, = 3,183 kgBODs/d, 
the resulting reactor volume is: 


V = 7.0 x 3,183/3.5 = 6,366 m? 


(d) Estimation of the production and removal of excess sludge 


According to Table 2.8, by considering the influent solids and not adopting 
primary settling, one gets: P,/S, = 0.98 (interpolating between the sludge ages 
of 22 and 26 days). 

For S, = 3,183 kgBODs /d, the sludge production is calculated as: 


Px = 0.98 x 3,183 = 3,119 kgSS/d 


If the sludge is removed directly from the reactor, its concentration is the 
same as MLSS (X). Thus, the excess sludge flow is (disregarding the loss of 
solids in the final effluent) is: 


Qex reactor = Px/X = 3,119/5.147 = 606 m?/d 


Note that this value is different from the value V/O. (= 6,366/25 = 
255 mº/d), usually adopted when controlling the system by the sludge 
age (hydraulic control), disregarding the influent solids. 

If the sludge is removed from the return sludge line, its concentration is the 
same as RASS (X,). For a recirculation ratio R (=Q,/Q) equal to 1.0 (adopted), 
one has: 


X, = X-(R + 1)/R = 5.147 x (1 + 1)/1 = 10.294 kg/m? (=10,294 mg/L) 


Qex return sludge line = P,/X, = 3,119/10.294 = 303 mº/d 
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Example 2.11 (Continued) 


The excess sludge flow removed from the return sludge line (303 m?/d) 
is half of the flow removed from the reactor (606 m*/d), due to the fact that 
the solids concentration in the return sludge line (10,294 mg/L) is twice the 
concentration in the reactor (5,147 mg/L). 


(e) Calculation of the oxygen consumption and aerator power 
requirements 
According to Table 2.8, O2/S, = 1.06 kgO./kgBODs (interpolating between 
the sludge ages of 22 and 26 days). 

For S, = 3,183 kgBODs/d: 

O, carbonaceous = 1.06 x 3,183 
= 3,374 kgO> /d (average carbonaceous demand) 
To take into account the nitrification in the total O, consumption, the car- 


bonaceous demand value must be increased by 50 to 60%. By adopting a value 
of 55%, the total average demand (disregarding denitrification) is: 


Oy total = 1.55 x 3,374 = 5,230 kgO»/d 


To take into account the demand under maximum load conditions, the aver- 
age oxygen demand must be multiplied by a correction factor. This factor may 
be adopted varying between 1.5 and 2.0 (~Qmax/Qaverage), depending on the 
size of the plant. Adopting a factor of 2.0, one has: 


Total maximum O, = 2.0 x 5,230 
= 10,460 kgO,/d (in the field, under operational conditions) 
To express it in standard conditions, the field value should be divided by a 


factor that varies between 0.55 and 0.65. By adopting the value of 0.60, one 
has: 


O, standard = 10,460/0.60 = 17,433 kgO,/d = 726 kgO>/hour 


By adopting a standard oxygenation efficiency of 1.8 kgO./kW-hour for 
mechanical aeration, the power requirement is: 


Power required = 726/1.8 = 403 kW = 537 HP 


(f) Comments 


e Ifthe detailed design sequence presented in Chapter 5 had been followed, 
it could be verified that the values found for the volume of the reactor, 
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Example 2.11 (Continued) 


production of excess sludge and oxygen requirements are very similar to 
those obtained in the present quick design (differences of less than 2.5%). 
This example could have been also undertaken based on the equations 
presented in Table 2.9. The results obtained should be very similar. 

The design did not foresee the intentional denitrification in the reactor. 
Although still little used in most developing countries, its implementation 
in a more systematic way should be encouraged, especially in warm-climate 
countries. 

To complete the plant, the designs of the secondary sedimentation tanks 
and the preliminary treatment units (screen and grit chamber) and sludge 
processing units (thickening and dewatering) are still needed. The design of 
these units is simpler than the design of the reactor and associated variables. 
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Design of continuous-flow activated 
sludge reactors for organic 
matter removal 


3.1 SELECTION OF THE SLUDGE AGE 


The selection of the sludge age is the main step in the design of an activated sludge 
plant. As shown in Section 2.19, several process variables are directly associated 
with the sludge age. The first decision concerns the selection of O, values that 
place the plant within one of the main operational ranges presented in Table 1.1 
(Chapter 1). Tables 1.3 and 1.4 in the same chapter present a comparison among the 
main activated sludge variants (conventional activated sludge, extended aeration), 
focusing on several important aspects. 

The advantages of incorporating the UASB reactor upstream the activated 
sludge system were presented in Section 1.2.5. The main design parameters of 
this configuration are detailed in Chapter 9. Due to the large number of advan- 
tages in warm-climate regions, it is recommended that this alternative be carefully 
analysed by the designer, prior to making a decision for the classical conceptions 
(without UASB reactor). 

With relation to the classical conceptions, the first decision to be taken by 
the designer is the adoption of either conventional activated sludge or extended 
aeration. Although there are no fixed rules, the following approximate applicability 
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ranges could be mentioned as an initial guideline in preliminary studies: 


e smaller plants (less than =50,000 inhabitants): extended aeration 

e intermediate plants (between =50,000 and ~ 150,000 inhabitants): 
technical-economical studies 

e larger plants (more than 150,000 inhabitants): conventional activated 
sludge 


In smaller plants, operational simplicity has a strong weight, which leads 
to the extended aeration alternative. In larger plants, the economy in power 


Table 3.1. Design parameters for carbon removal in the biological reactor 


Conventional 
activated Extended 
Category Parameter sludge aeration 
Parameter Sludge age (d) 4-10 18-30 
to be MLVSS concentration (mg/L) 1,500-3,500 2,500-4,000 
initially Effluent SS (mg/L) 10-30 10-30 
assumed Return sludge ratio (Q,/Q) 0.6-1.0 0.8-1.2 
Average DO concentration in the reactor 1.5-2.0 1.5-2.0 
(mg/L) 
Data F/M ratio (kgBOD;/kgMLVSS.d) 0.3-0.8 0.08-0.15 
resulting Hydraulic detention time (hour) 6-8 16-24 
from the MLSS concentration (mg/L) 2,000-4,000 3,500-5,000 
design or VSS/SS ratio in the reactor (—) 0.70-0.85 0.60-0.75 
parameter Biodegradable fraction of MLVSS(f,) (—) 0.55-0.70 0.40-0.65 
to be used BOD removal efficiency (%) 85-93 90-98 
in quick Effluent soluble BOD; (mg/L) 5-20 1-4 
designs BODs of the effluent SS 0.45-0.65 0.20-0.50 
(mgBODs/mgsSS) 
VSS production per BODs removed 0.5-1.0 0.5-0.7 
(kgVSS/kgBODs) 
Excess sludge production per BODs rem. 0.7-1.0 0.9-1.1 
(kgSS/kgBODs) 
Average O; requirements (without 0.7-1.0 — 
nitrification) (kgO0,/kgBODs) 
Average O; requirements with 1.1-1.5 1.5-1.8 
nitrification (kgO0,/kgBODs) 
Nutrient requirements — nitrogen 4.3-5.6 2.6-3.2 
(kgN/100 kgBODs) 
Nutrient requirements — phosphorus 0.9-1.2 0.5-0.6 
(kgP/100 kgBODs) 
N removed per BOD; removed (kgN/ 0.4-1.0 0.1-0.4 
100 kgBODs) 
P removed per BODs removed (kgP/ 4-5 2.4 
100 kgBODs) 


Sources: Arceivala (1981), Orhon and Artan (1994) and the author’s adaptations 
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consumption assumes great importance, and the operational issue is no longer 
critical, leading to the conventional activated sludge system. In intermediate plants 
these items overlap, and more detailed technical and economical assessments are 
necessary. 

After the selection concerning the sludge age range, a refinement should be 
performed, and the ideal sludge age should be selected for the system at issue. 
Depending on the degree of detail desired, the selection can be made based on 
either economic assessments, a simple comparison between volumes, areas, and 
required powers, obtained from a preliminary design, or even be based on the 
designer’s experience. The figures, tables and equations presented in Section 2.13 
can aid in this selection process. 


3.2 DESIGN PARAMETERS 


The main parameters for the design of a reactor aiming at the removal of organic 
carbon (BOD) are listed in Table 3.1. 

The kinetic and stoichiometric coefficients necessary for the design of the BOD 
removal stage are summarised in Table 3.2. 


Table 3.2. Kinetic and stoichiometric coefficients and basic relations for the calculation 
of the BOD removal in activated sludge systems 


Typical 

Coefficient Description Unit Range value 

Y Yield coefficient gVSS/gBODs 0.4-0.8 0.6 
(cellular production) 

Ka Endogenous respiration gVSS/gVSS-d 0.06—0.10 0.08-0.09 
coefficient 

0 Temperature coefficient — 1.05-1.09 1.07 
for Ka 

f Biodegradable fraction gSS,/gVSS — 0.80 
when generating 
solids (Xp/X,) 

VSS/SS SSV/SS in the raw gVSS/gSS 0.70-0.85 0.80 
sewage 

SS,/SS SSpiodegradable/SS in the gSS,/SS = 0.60 
raw sewage 

VSS/SS SSV/SS when gVSS/gSS - 0.90 
generating solids 

O,/SSp Oxygen per gBOD,/gSS, — 1.42 
biodegradable solids 
destroyed 

BOD,/BODs | BODsiimate/BODs ratio gBOD,/gBODs 1.2-1.5 1.46 


Base: BODs and VSS; temperature = 20 °C 
Sources: Eckenfelder (1989), Metcalf and Eddy (1991), WEF/ASCE (1992), Orhon and Artan 
(1994), and von Sperling (1996d) 
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MAIN REACTOR CONFIGURATIONS 


(section and plan view} 
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Figure 3.1. Simplified schematics of the main physical configurations of activated sludge 
reactors (section and plan view) 


3.3 PHYSICAL CONFIGURATION OF THE REACTOR 


There are several variants in the design of continuous-flow activated sludge systems 
regarding the physical configuration of the biological reactor. Table 3.3 presents a 
summary of the main variants, and Figure 3.1 shows schematic sections and plan 
views. 

The Pasveer- and Carrousel-type oxidation ditches deserve some additional 
considerations. Regarding the mixing regime, the oxidation ditches have the fol- 
lowing characteristics (Johnstone et al., 1983): 


e complete-mix behaviour for most of the variables (such as BOD and sus- 
pended solids) 
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e plug-flow behaviour for variables with fast dynamics (such as dissolved 
oxygen) 


This double behaviour results from the interrelation between the hydraulic dy- 
namics of the reactor and the dynamics of the reaction rates of the variables. The 
dilution capacity of a ditch is high, due to the high horizontal velocity, which 
allows a complete circuit around the ditch in 15 to 20 minutes. Thus, variables 
with relatively slow dynamics, such as most of the variables involved in waste- 
water treatment, present approximately the same concentration at any point of the 
reactor, characterising a hydraulic regime approaching complete mix. However, 
variables with fast dynamics, such as dissolved oxygen, present a concentration 
gradient along the reactor, approaching the plug-flow regime. In spite of the fast 
flow velocities, the oxygen reaction rate (production and consumption) velocity is 
higher. The liquid has high DO concentrations soon after leaving the aerator. As 
the liquid flows downstream, the oxygen is consumed to satisfy various oxygen 
demands, and its concentration decreases until it reaches another aerator (or the 
same one, if there is only one). 

The existence of this oxygen gradient in oxidation ditches affects all the vari- 
ables that depend, either directly or indirectly, on dissolved oxygen. The DO values 
are always closely related to the place where they are measured. Monod’s rela- 
tions, which include oxygen as a substrate, are specific to each ditch, in view of its 
geometry, travel time of the liquid, oxygen utilisation rate and, above all, the DO 
measurement location. The comparison between DO values from ditch to ditch 
only makes sense when they represent approximately the same measuring loca- 
tion. Generalisations in relation to optimum DO values for aerator on/off or outlet 
weir level setting in automated aeration level control systems are also limited by 
the existing variations from ditch to ditch. The alternation between high and low 
DO values along the ditch can also have a great influence on nitrification and 
denitrification processes, as described in Chapter 7. 


3.4 DESIGN DETAILS 


Some aspects of the design of activated sludge reactors are listed below. 
General aspects: 


e The length and width of the reactor should allow a homogeneous distribu- 
tion of the aerators on the surface of the tank. 

¢ The liquid depth of the reactor is within the following range: 3.5 to 4.5 m 
(mechanical aeration) and 4.5 to 6.0 m (diffused air). 

e The depth of the reactor should be established in accordance with the 
aerator to be adopted (consult the manufacturer’s catalogue). 

e The freeboard of the tank is approximately 0.5 m. 

e The plan dimensions should be established according to the hydraulic 
regime selected, and should be compatible with the areas of influence of 
the aerators. 
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In plants with a high flow (say, >200 L/s), more than one reactor should be 
adopted. 

The tanks are usually made of reinforced concrete with vertical walls 
but, whenever possible, the alternative of sloped tanks should be analysed 
(lighter wall structure and foundations). 

Should there be more than one unit, common walls can be used between 
them. 

Low-speed fixed mechanical aerators should be supported by catwalks and 
pillars (designed to resist torsion). High-speed floating mechanical aerators 
are anchored to the borders. 

Mechanical aerators may have their oxygenation capacity controlled by 
means of a variable submergence of the aerators (variation in the level of 
the outlet weir or in the aerator shaft), by a variable speed of the aerators 
or by switching on/off the aerators. 

The diffused-air aeration can have its oxygenation capacity controlled by 
means of adjustment in the outlet valves from the blowers or in the inlet 
valves in the reactors. 

A submerged inlet avoids the release of hydrogen sulphide present in the 
raw sewage. 

The outlet from the tank is generally by weirs at the opposite end to the 
inlet. 

If there is more than one tank, the inlet and outlet arrangements should 
allow the isolation of one unit for occasional maintenance. 

The scum occasionally formed should be broken by means of hoses or 
sprinklers, and be either removed to scum boxes or directed to secondary 
sedimentation tanks. 

The possible drainage of the tank (occasional emptying for maintenance 
purposes) by means of submersible pumps (simpler and more reliable) or 
by bottom discharge valves should be considered. 

In case of interference with the groundwater level, there should be a means 
to relieve the sub-pressure when the tank is empty. 


Oxidation ditches: 


The oxidation ditches are designed using the same principles as those used 
for the design of other extended aeration reactors, resulting in the same 
reactor volumes and oxygen demands. 

The aerators have horizontal shaft in the Pasveer-type ditches and vertical 
shaft in the Carrousel-type ditches. 

The aerators should ensure a horizontal velocity between 0.30 and 0.50 m/s, 
to avoid the sedimentation of solids in the reactor. 

Pasveer-type oxidation ditches usually have a maximum depth of approxi- 
mately 1.2 m, in view of the limited capacity of the horizontal-shaft rotors 
to transfer oxygen and maintain the liquid in movement at higher depths. 
Carrousel oxidation ditches are deeper as a result of the type of aerator em- 
ployed (vertical shaft), which leads to a lower land requirement, compared 


76 


Activated sludge and aerobic biofilm reactors 


with the Pasveer ditch. Depths can be up to 5 m in the aeration zone, and 
approximately 3.5 m in the non-aerated zone. 

Smaller ditches can have their walls sloped at 45°, while larger ditches 
have vertical walls. 

There is no maximum number of curves between each aerator. However, it 
is suggested that the sum of the curves does not exceed 360° between one 
aerator and another. 

To avoid stagnation and solids sedimentation zones in the internal face 
of the dividing wall, downstream the curve, additional inner semi-circular 
walls following the curve can be adopted. These walls are slightly decen- 
tralised in relation to the internal wall: the largest opening receives most of 
the liquid, while the smallest opening discharges this larger portion of the 
liquid at a higher speed, in the downstream zone, internally to the central 
wall, thus avoiding the sedimentation of solids. 


4 


Design of activated sludge 
sedimentation tanks 


4.1 TYPES OF SEDIMENTATION TANKS 


This chapter mostly deals with secondary sedimentation tanks, in view of their 
fundamental importance in the biological stage of the activated sludge pro- 
cess. However, the design of primary sedimentation tanks is briefly covered in 
Section 4.4. 

The most used shapes for the secondary sedimentation tanks are the horizontal- 
flow rectangular tank and the central-feeding circular tank. Both tanks require the 
continuous removal of sludge by scrapers or bottom suction. A schematic view of 
both tanks can be seen in Figures 4.1 and 4.2. The circular tank allows an easier 
continuous removal of sludge, besides the greater structural advantage of the ring 
effect. On the other hand, the rectangular tank allows a larger economy of area 
(absence of dead areas between tanks) and the possibility of using common walls 
between adjoining tanks. Both tanks are used in medium- and large-sized plants. 

In small-sized plants, sludge removal mechanisms will not be necessary if the 
bottom has a high slope (approximately 60° with relation to the horizontal line), 
assuming the shape of an inverted pyramid. The sludge is thus directed to the 
bottom sludge hoppers, from where it is removed by hydraulic pressure. These 
tanks are named Dortmund tanks. Their use is restricted to smaller plants, due to 
the fact that high bottom slopes require very large depths in case of large surface 
areas. Figure 4.3 exemplifies one possible shape for this tank, rectangular in the 
upper plan, but divided into three equal chambers. 


© 2007 IWA Publishing. Activated Sludge and Aerobic Biofilm Reactors by Marcos von Sperling. 
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HORIZONTAL-FLOW RECTANGULAR SEDIMENTATION TANK 
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Figure 4.1. Schematics of a rectangular secondary sedimentation tank (section and 
plan view) 


Section 4.2 deals with the determination of the main design aspect (surface area 
of the sedimentation tanks), while Section 4.3 presents several design details for 
the three types of sedimentation tanks mentioned. 


4.2 DETERMINATION OF THE SURFACE 
AREA REQUIRED FOR SECONDARY 
SEDIMENTATION TANKS 


4.2.1 Determination of the surface area according 
to conventional hydraulic loading rates 
and solids loading rates 


The calculation of the required surface area is the main aspect in the design of a 
sedimentation tank. The area is usually determined by considering the following 
design parameters: 


e Hydraulic loading rate: (Q/A). It corresponds to the quotient between 
the influent flow to the plant (Q) and the surface area of the sedimentation 
tanks (A). 

e Solids loading rate: (Q + Q,)-X/A. It corresponds to the quotient between 
the applied solids load (Q + Q,)-X and the surface area of the sedimentation 
tanks (A). 
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CIRCULAR SEDIMENTATION TANK 
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Figure 4.2. Schematics of a circular secondary sedimentation tank (section and 
plan view) 


It is important to note that the hydraulic loading rate (HLR) is based only 
on the influent flow to the plant (Q), and not on the total influent flow to the 
sedimentation tank (Q + Q,). This is because only the Q flow has an upward 
component, leaving through the weirs on the top (the return sludge flow Q, has a 
downward direction, leaving through the bottom of the sedimentation tank). The 
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DORTMUND SEDIMENTATION TANK WITH THREE CHAMBERS 
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Figure 4.3. Dortmund-type tank, with high bottom slope and no sludge 
removal mechanism 


Table 4.1. Hydraulic and solids loading rates for secondary sedimentation tanks 


Hydraulic loading rate Solids loading rate 
(m3/m?-hour) (kg/m?-hour) 

System Average Q Maximum Q  AverageQ Maximum Q Reference 
Conventional 0.67-1.33 1.70-2.00 4.0-6.0 10.0 (1) 
activated 0.67-1.20 1.70-2.70 4.0-6.0 - (2) 
sludge 
Extended 0.33-0.67 1.00-1.33 1.0-5.0 7.0 (1) 
aeration 


Ref: (1) Metcalf and Eddy (1991); (2) WEF/ASCE (1992) 


upflow component is important because if the upward velocity of the liquid is 
higher than the settling velocity of the solids, the latter will not be able to go to the 
bottom of the sedimentation tank, thus leaving with the final effluent. 

In terms of the solids loading rate, it is important that the load of solids applied 
per unit area is not higher than the limiting solid flux. In this case, the load applied 
is the actual influent load to the sedimentation tank, that is, (Q + Q,)-X. 

These aspects are covered by the limiting solids flux theory. If data on the 
settleability of the sludge under study are available, the limiting flux theory can 
be used for the design of the secondary sedimentation tanks, as demonstrated in 
Chapter 10. In this case, the solids loading rate (SLR) to be used is equal to the 
limiting solids flux. A simplified approach using concepts of the solids flux theory 
is described in Section 4.2.2. 

Surface loading rates based on the designers’ experience are usually used. Ta- 
ble 4.1 presents typical loading rate values according to some traditional references 
(Metcalf and Eddy, 1991; WEF/ASCE, 1992). 
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Example 4.1 presents the calculation of the area required for the secondary 
sedimentation tanks, based on the concepts of the hydraulic and solids loading 
rates. The complete design of the secondary sedimentation tank is covered in the 
example given in Chapter 5. 


Example 4.1 


Calculate the area required for the secondary sedimentation tanks of a conven- 
tional activated sludge plant, which has the following data (same data as those 
for the design example of Chapter 5, for conventional activated sludge): 


e average influent flow: Q = 9,820 mê/d 

e maximum influent flow: Qmax = 19,212 m?/d 

e average return sludge flow: Q, = 9,820 m3/d 

e concentration of suspended solids in the reactor: MLSS = 3,896 g/m? 


Solution: 


(a) Express the flows in m?/hour 


Q = 9,820/24 = 409 m?/hour 
Qmax = 19,212/24 = 801 m?/hour 
Q; = 9,820/24 = 409 m3/hour 


(b) Calculate the surface area based on the hydraulic loading rate 


From Table 4.1, adopt the following hydraulic loading rate values: 


For Qu > HLR = 0.80 m?/m?-hour 
For Qmax — HLR = 1.80 m?/m?-hour 


The required surface area is given by: 

For Qa > A = Q/HLR = 409/0.8 = 511 m? 

For Qmax > A = Qmax/HLR = 801/1.80 = 445 m? 

(c) Calculate the surface area based on the solids loading rate 


The influent suspended solids load to the secondary sedimentation tank is: 


For Qu > (Q + Q,)-X = (409 + 409) x 3,896/1,000 = 3,187 kgSS/hour 
For Qmax > (Qmax F Q) “X= (801 + 409) x 3,896/1,000 = 
4,714 kgSS/hour 


From Table 4.1, adopt the following solids loading rate values: 


For Qu, > SLR = 5.0 kgSS/m?-hour 
For Qmax —> SLR = 10.0 kgSS/m?-hour 


The required surface area is given by: 


For Qu > A = (Q + Q,)-X/(1,000-SLR) = 3,187/5.0 = 637 m? 
For Qmax — A = (Qmax+ Qr):-X/(1,000-SLR) = 4,714/10.0 = 471 m? 
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Example 4.1 (Continued) 
(d) Surface area to be adopted 


The surface area to be adopted for the secondary sedimentation tanks should 
correspond to the largest value among the four values obtained (511 m?, 445 m?, 
637 m? and 471 m?). Therefore, the area required for the secondary sedimen- 
tation tanks is: 


A = 637m? 


It is to be noted that in this example the most restrictive criterion, that is, the 
criterion that led to the largest required area, was that of the solids loading rate 
for the average flow. This conclusion reinforces the notion that the secondary 
sedimentation tanks should be designed by taking into consideration the solids 
loading rate, and not just the hydraulic loading rate, as is usual in the design of 
other sedimentation tanks. 

Apparently conservative loading rate values were adopted in this example, 
but the importance of the adequate performance of the secondary sedimentation 
tanks justifies that. 


4.2.2 Determination of the surface area according 
to loading rates based on a simplified approach 
to the solids flux theory 


The solids flux theory is an important tool for the design and control of secondary 
sedimentation tanks. However, its use is often difficult due to a priori lack of 
knowledge of the parameters characterising the sludge settleability (vo and K), 
unless the design is intended for expansion of an already existing plant, with an 
already known sludge. 

Aiming at expanding the use of the limiting solids flux theory, several authors 
(White, 1976; Johnstone et al., 1979; Tuntoolavest and Grady, 1982; Koopman and 
Cadee, 1983; Pitman, 1984; Daigger and Roper, 1985; Ekama and Marais, 1986; 
Wahlberg and Keinath, 1988, 1995; van Haandel et al., 1988; von Sperling, 1990; 
Daigger, 1995) tried to express the interface settling velocity according to easily 
determinable or assumable variables, such as the sludge volume index (SVI and 
its variants). Once the sludge settling velocity is estimated, the limiting flux theory 
can be easily employed for design and operation. However, each author used a 
different form to express the sludge volume index, thus making the calculation of 
unified values more difficult. 

By using the methodology proposed by von Sperling (1994b), Fróes (1996) con- 
jugated the data obtained by the authors above and presented a unique formulation, 
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Table 4.2. Typical SVI ranges and values (average), according to its four variants and five 
settleability ranges 


Range of sludge volume index values (mL/g) 
SVI DSVI SSVI SSVI; 5 
Settleability Range Typical Range Typical Range Typical Range Typical 
Very good 0-50 45 0—45 40 0-50 45 0—40 35 


Good 50-100 75 45-95 70 50-80 65 40-80 60 
Fair 100-200 150 95-165 130 80-140 110 80-100 90 
Poor 200-300 250 165-215 190 140-200 170 100-120 110 


Very poor 300—400 350 215-305 260 200-260 230 120-160 140 


Notes: The ranges were established based on the analysis of the various references mentioned 
The typical values were considered, in most of the cases, as the mean value in the range 


Table 4.3. Values of the coefficients vo, K, m and n, for each settleability range 


Settling velocity (m/hour) Limiting flux (kg/m?-hour) 
v= Vee" Gr = m.(Q,/A)" 

Settleability Vo(m/hour) K (m3/kg) m n 
Very good 10.0 0.27 14.79 0.64 
Good 9.0 0.35 11.77 0.70 
Fair 8.6 0.50 8.41 0.72 
Poor 6.2 0.67 6.26 0.69 
Very poor 5.6 0.73 5.37 0.69 


v: Interface settling velocity (m/hour) 

C: Influent SS concentration to the sedimentation tank (MLSS) (kgSS/m”) 

Gr: Limiting solid flux (kg/m?.hour) 

Q,: Return sludge flow (approximately equal to the underflow from the sedimentation tank) (m?/hour) 
A: Surface area of the sedimentation tanks (m?) 

Vo, K, m, n: Coefficients 


based on settleability ranges. The proposition made by von Sperling and Froes 
(1998, 1999) is described in this section. 

Table 4.2 presents the typical settleability ranges, according to the several 
variants of the sludge volume index test. The interpretation of Table 4.2 is that 
the average or fair settleability can be characterised by a sludge with a SVI of 
150 mL/g, a DSVI of 130 mL/g, a SSVI of 110 mL/g and a SSVI; 5 of 90 mL/g. 
This unification, according to the settleability ranges, forms a common base, 
from which the values obtained by the several authors mentioned above can be 
integrated. 

The average v, and K values obtained by the various authors were calculated for 
each settleability range (very good to very poor) (see Table 4.3). As a whole, data 
presented in 17 publications were used, representing dozens of activated sludge 
plants operating in real scale. Based on the vo and K values obtained by each 
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author, the limiting solids flux as a function of Q,/A was calculated. After that, 
the relation between the limiting solids flux (GL) and Q,/A was determined by 
regression analysis, for each author and for each settleability range, according to 
the multiplicative equation G = m-(Q,/A)". After that, the average m and n values 
obtained by the various authors were calculated for each settleability range, which 
are presented in Table 4.3. 

Knowing the vo, K, m and n values for each settleability range, the design can 
be done according to the criteria presented below. From the unification proposed, 
there is no need to work with the various authors’ values and with different sludge 
volume indices, but only with the settleability ranges estimated for the sludge. 
Thus, the area required for the sedimentation tanks can be calculated using the 
principles of the solids flux theory just by knowing the concentration of MLSS 
in the reactor (C), the influent flow (Q) and the return sludge flow (Q,), and by 
assuming the sludge settleability (settleability range). 


(a) Design principles 


In order not to lose solids in the effluent, the secondary sedimentation tank should 
not be overloaded in terms of clarification and thickening (Keinath, 1981). This 
means that the following two criteria need to be met: 


e sedimentation tank should not be overloaded in terms of clarification: the 
hydraulic loading rate should not exceed the sludge settling velocity 


Q/A <v (4.1) 
Q/A < voe ÉC (4.2) 


e sedimentation tank should not be overloaded in terms of thickening: the 
applied solids flux should not exceed the limiting solids flux 


Ga < GL (4.3) 
(Q+Q)-Co/A < m-(Q,/A)" (4.4) 


where: 
Q = influent flow to the plant (m?/hour) 
Q; = return sludge flow (m?/hour) 
v = settling velocity of the interface at the concentration C (m/hour) 
Vo = coefficient, expressing the settling velocity of the interface at a concen- 
tration C = 0 (m/hour) 
K = sedimentation coefficient (m?/kg) 
Ga = applied solids flux (kg/m? hour) 
Gr = limiting solids flux (= maximum allowable solids loading rate) 
(kg/m?-hour) 
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C, =concentration of influent solids to the secondary sedimentation tank 
(=MLSS) (kg/m?) 
A = surface area required for the sedimentation tanks (m?) 


(b) Design for clarification 


Considering the concentration of influent suspended solids to the sedimentation 
tank (Co) as equal to MLSS, the settling velocity can be obtained from the 
equation v = voc *©, with vo and K values obtained from Table 4.3. Thus, 
the hydraulic loading rate should be equal to or lower than the value of v cal- 
culated (Equation 4.2). Figure 4.4 presents the resulting curves of hydraulic 
loading rates for the different sludge settleabilities and for different MLSS 
concentrations. 


(c) Design for thickening 


After meeting the clarification criteria, in which an adequate value was adopted 
for the hydraulic loading rate (Q/A), the SLR can be established. The first step 
is to select a value for the return sludge ratio R(Q,/Q). In other words, Q,/A 
should be equal to R-Q/A. Using the coefficient values given in Table 4.3, and 
adopting the concept of Equation 4.4, the allowable maximum solids rate should 
be equal to: 


SLR = m-(R-Q/A) (4.5) 


In terms of design, the SLR is adopted as being equal to the limiting flux G_. 
Since the Q/A value is itself a function of the MLSS concentration (Co), to meet 


MAXIMUM HYDRAULIC LOADING RATE 


6.00 


VERY GOOD 
_ 4.00 so 
5 
o 
£ 
a 
E 300 
s 
E 
am 
a | 
I 2.00 
POOR 
1.00 
VERY POOR 
0.00 
2 25 3 35 4 45 5 55 6 
MLSS (kg/m?) 


Figure 4.4. Hydraulic loading rates (HLR) for the design of secondary sedimentation 
tanks, as a function of different sludge settleabilities and MLSS concentrations 
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the clarification criteria, the maximum solid loading rate can also be expressed as 
presented in Equation 4.6, where Q/A was replaced by the settling velocity given 
on the right — hand side of Equation 4.2. 


SLR = m [R vse] (4.6) 


By knowing the intervening coefficients (vo, K, m, n), the maximum solid load- 
ing rate can be easily determined (Equation 4.6). In these conditions, the clarifica- 
tion and thickening criteria are simultaneously met. It should be remembered 
that the four coefficients are functions of the sludge settleability (very good, good, 
fair, poor and very poor), as expressed in Table 4.3. 

Figure 4.5 presents the curves of the maximum solid loading rates for the dif- 
ferent sludge settleabilities (very good, good, fair, poor and very poor), MLSS 
concentrations (C,), and return sludge ratios (= Q,/Q). The graph clearly shows 
the essential relations: the better the sludge settleability, or the lower the MLSS 
concentration, or still the higher the return sludge ratio, then the higher the allow- 
able solid loading rate and, consequently, the smaller the required surface area. 

After obtaining the value for the maximum allowable Gr, the required area A 
can be finally calculated using 


A = (Q+Qr)-Co (4.7) 
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Figure 4.5. Solid loading rate (SLR) for the design of secondary sedimentation tanks, as 
a function of different sludge settleabilities, return sludge ratios R and MLSS 
concentrations. In each range, the highest value corresponds to R = 1.0, while the lowest 
value corresponds to R = 0.6 
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For design purposes, the sludge settleability should be considered as fair or 
poor, depending on the desirable safety degree. An intermediate fair—poor range 
can also be adopted, for which the curve and coefficient values can then be 
interpolated. 


(d) Summary of the proposed approach 


The main advantage of the proposed methodology is that of working with the 
integrated data from 17 publications, representing a database of dozens of activated 
sludge plants operating in full scale worldwide. 

The proposed methodology can also be used by means of Table 4.4, which 
represents a synthesis of Figure 4.5 and Equation 4.6, meeting simultaneously the 
clarification and thickening criteria. It should be emphasised that Table 4.4 can 
be used for both design and control of secondary sedimentation tanks (under the 
steady-state assumption). 

Figures 4.6 and 4.7 present the curves from Figures 4.4 and 4.5, but only 
for the fair and poor settleability ranges, usually of higher interest for design and 
operation. Both figures also present the design ranges according to the conventional 
criteria covered in Section 4.2.1. For the two main activated sludge variants, the 
following MLSS ranges are considered typical: (a) conventional activated sludge: 
MLSS from 2.5 to 4.5 g/L and (b) extended aeration: MLSS from 3.5 to 5.5 g/L. 
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Figure 4.6. Comparison between the proposed HLR and those from traditional methods 
(Metcalf and Eddy, 1991; WEF/ASCE, 1992) 
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Table 4.4. Maximum values for the HLR and SLR in secondary sedimentation tanks, as a 
function of MLSS and R (=Q,/Q) 


Very good settleability 
— A . 2, 
MLSS HLR = Q/A SLR = (Q + Q,)-MLSS/(1,000-A)(kgSS/m*- hour) 
(mg/L) (m?/m?-hour) R=04 R=0.6 R=0.8 R=1.0 R=1.2 


2,000 5.83 25.42 32.95 39.61 45.70 51.35 
2,500 5.09 23.32 30.23 36.34 41.91 47.10 
3,000 4.45 21.39 27.72 33.33 38.44 43.20 
3,500 3.89 19.62 25.43 30.57 35.26 39.63 
4,000 3.40 17.99 23.32 28.04 32.34 36.35 
4,500 2.97 16.50 21.39 25.72 29.67 33.34 
5,000 2.59 15.14 19.62 23.59 27.21 30.58 
5,500 2.27 13.88 18.00 21.64 24.96 28.05 
6,000 1.98 12.74 16.51 19.85 22.89 25.73 
Good settleability 


MLSS  HLR=Q/A SLR = (Q + Q,):MLSS/(1,000-A)(kgSS/m?-hour) 
(mg/L) (m3/m?-hour) R=04 R=06 R=08 R=10 R=12 


2,000 4.47 17.68 23.48 28.71 33.57 38.14 
2,500 3.75 15.64 20.77 25.40 29.70 33.74 
3,000 3:15 13.84 18.38 22.48 26.27 29.85 
3,500 2.64 12.24 16.26 19.88 23.25 26.41 
4,000 2.22 10.83 14.38 17.59 20.57 23.36 
4,500 1.86 9.58 12:72 15.56 18.19 20.67 
5,000 1.56 8.48 11.26 13.77 16.10 18.29 
5,500 1.31 7.50 9.96 12.18 14.24 16.18 
6,000 1.10 6.63 8.81 10.78 12.60 14.31 
Fair settleability 
MLSS HLR = Q/A SLR = (Q + Q,)-MLSS/(1,000-A)(kgSS/m?-hour) 
(mg/L) (m?/m?-hour) R= 0.4 R= 0.6 R= 0.8 R= 1.0 R= 1.2 
2,000 3.16 9.96 13.34 16.41 19.27 21.98 
2,500 2.46 8.32 11.14 13.71 16.10 18.36 
3,000 1.92 6.95 9.31 11.45 13.45 15.33 
3,500 1.49 5.81 7.77 9.56 11.23 12.81 
4,000 1.16 4.85 6.49 7.99 9.38 10.70 
4,500 0.91 4.05 5.42 6.67 7.84 8.93 
5,000 0.71 3.38 4.53 5.57 6.54 7.46 
5,500 0.55 2.83 3.78 4.66 5.47 6.23 
6,000 0.43 2.36 3.16 3.89 4.57 5.21 
Poor settleability 
MLSS HLR = Q/A SLR = (Q + Q,)-MLSS/(1,000-A)(kgSS/m?-hour) 
(mg/L) (m?/m?-hour) R= 0.4 R= 0.6 R= 0.8 R= 1.0 R=1.2 
2,000 1.62 4.65 6.15 7.50 8.75 9.92 
2,500 1.16 3.69 4.88 5.95 6.94 7.87 
3,000 0.83 2.93 3.87 4.72 51 6.25 
3,500 0.59 2.32 3.07 3.75 4.37 4.96 
4,000 0.43 1.84 2.44 2.97 3.47 3.93 
4,500 0.30 1.46 1.94 2.36 2.75 3.12 
5,000 0.22 1.16 1.54 1.87 2.19 2.48 
5,500 0.16 0.92 1.22 1.49 1.73 1.97 


6,000 0.11 0.73 0.97 1.18 1.38 1.56 
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Table 4.4 (Continued) 


Very poor settleability 


MLSS HLR=O/A SLR = (Q + Q,):MLSS/(1,000-A)(kgSS/m?-hour) 
(mg/L) (m3/m?-hour) R=04 R=06 R=08 R=10 R=12 
2,000 1.30 3.42 4.53 5.52 6.44 7.30 
2,500 0.90 2.66 3.52 4.29 5.00 5.68 
3,000 0.63 2.07 2.73 3.33 3.89 441 
3,500 0.44 1.61 2.13 2.59 3.02 3.43 
4,000 0.30 1.25 1.65 2.02 2.35 2.67 
4,500 0.21 0.97 1.28 1.57 1.83 2.07 
5,000 0.15 0.75 1.00 1.22 1.42 1.61 
5,500 0.10 0.59 0.78 0.95 1.10 1.25 
6,000 0.07 0.46 0.60 0.74 0.86 0.97 


MLSS (mg/L); Q (m3/hour); Q; (m3/hour); A (m2); HLR = vo-e(-KMESS/1,000), SLR = m.(HLR.R)* 
Classification of the settleability: see Table 4.2; vo, K, m, n values: see Table 4.3 


SOLIDS LOADING RATES 


18.00 [o Proposed ranges 


16.00 Conventional ranges 
3 (Metcalf and Eddy; WEF/ASCE) 


14.00 Fair settleability 


SLR(kg/m?-hour) 


Conventional activated sludge 


4.00 ` Metcalf and Eddy; WEF/ASCE) Extended aeration 
ý (Metcalf and Eddy; WEF/ASCE) 
2.00 


MLSS (kg/m?) 


Figure 4.7. Comparison between the proposed SLR and those from traditional methods 
(Metcalf and Eddy, 1991; WEF/ASCE, 1992) 


The analysis of the figures leads to the following points: 


e The conventional loading rates are situated between the fair and poor set- 
tleability ranges. 

e The extended aeration, which operates with a higher solid concentration, 
requires more conservative loading rates. 

e The influence of the return sludge ratio, not taken into consideration in the 
traditional approach, can be clearly noticed. 

e The proposed method allows a continuous solution for any MLSS and R 
values and settleability ranges, not leading to stepwise solutions, such as 
those from the conventional loading-rate methods. 
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Table 4.5 presents a more detailed version of Table 4.4, including more values 
of the MLSS concentration and return sludge ratio R. Its presentation form is 
different, clearer and simpler for design and operation (see Examples 4.2 and 4.3). 
The table presents, for each MLSS and R pair, the maximum Q/A values that 
meet the clarification and thickening criteria (hydraulic and solids loading rates). 
The lowest Q/A value found should be adopted for the design. Only the fair, poor 
and very poor settleability ranges are presented, since they are more important for 
design and operational purposes. 

The maximum Q/A values required to meet the clarification criteria are given 
by Equation 4.2, already presented: 


Q/A = Vo-e EC (4.2) 


The maximum Q/A values required to meet the thickening criteria are obtained 
from the following calculation: 


 Q+WC (Q+ROC Q Ran. 
SLR = = = > =F -R+)-C (4.8) 
SLR 
A= REDS a 
ias [R-vo-e EC i 
CAD RDG es 


Figure 4.8 presents the Q/A values that meet simultaneously the clarification 
and thickening criteria (maximum HLR and SLR), according to the concepts above 
(Equations 4.2 and 4.10), for the fair and poor settleability ranges and for several 
MLSS (2,000 to 6,000 mg/L) and R (0.6, 0.8 and 1.0) values. There are three 
curves for each settleability range, each one representing a return sludge ratio 
R. Where the three curves are merged, the clarification criteria (Equation 4.2) 
are more restrictive, controlling the process, and the return sludge ratio has 
no influence. Where the three curves are separated, the thickening criteria are 
more demanding, controlling the process. It is noticed that the HLR values men- 
tioned in literature (Table 4.1) are located in a range between the fair and poor 
settleabilities. 

In terms of design, by knowing the influent flow and by adopting reasonable 
MLSS and R values and settleability characteristics (fair or poor), the required 
surface area can be calculated by means of Equations 4.2 and 4.10, Table 4.5, or 
even Figure 4.8. For a long-term operational control (not for daily control, which 
requires a dynamic model of the sedimentation tanks), different combinations of 
MLSS and R can be tried, by adopting the appropriate settleability range, to obtain 
the Q/A value corresponding to that existing in the plant. 
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Figure 4.8. Q/A values to meet simultaneously the clarification and thickening criteria 


(HLR and SLR), for the fair and poor settleability ranges and for several MLSS and R values 


Example 4.2 


Using the methodology presented in this section, calculate the surface area 
required for the secondary sedimentation tanks of a conventional activated 
sludge plant. Use the same data as those in Example 4.1 and the design example 
in Chapter 5: 


e average influent flow: Q = 9,820 m?/d 
e average return sludge flow: Q, = 9,820 mô/d 
e mixed liquor suspended solids concentration: MLSS = 3,896 g/m? 
Solution: 
(a) Express the flows in m?/hour 
Q = 9,820/24 = 409 m?/hour 
Q, = 9,820/24 = 409 m3/hour 
The return sludge ratio R is equal to Q,/Q = 409/409 = 1.0 


(b) Calculation of the surface area based on the hydraulic 
and solids loading rates 
Assume a poor sludge settleability. 

With MLSS = 3,896 mg/L —> C, = 3.896 kg/m’. 
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Example 4.2 (Continued ) 


Using the vo, K, m and n values of Table 4.3: vo = 6.2 m/hour; K = 0.67 m/kg; 
m = 6.26; n= 0.69 


Clarification requirements (Equation 4.2): 
HLR = voc ÉC = 6.2-e79-7*3-89 = 0.456 m/hour 


The required area is given by: 


Q 409 


— ~*~ = = 897 mr” 
HLR 0.456 


Note: the hydraulic loading rate value of 0.456 m/hour can approximately 
be also obtained by interpolation in Tables 4.4 and 4.5 (poor settleability and 
MLSS = 3,896 mg/L). 


Thickening requirements (Equation 4.6): 


0.69 


SLR = m-[R-vo-e EC)" = 6.26-[1.0 x 6.2.6(-0.87x3.896)] 
= 3.640 kgSS/m?-hour 


The required area is given by: 


— (Q+Q)-C _ (409 + 409) x 3.896 


2 
SLR 3.640 om 


A 

Note: the solids loading rate value of 3.640 kgSS/m? hour can approximately 
be also obtained by interpolation in Table 4.4 (poor settleability, R = 1.0, and 
MLSS = 3,896 mg/L). 

According to the clarification criteria, the required area is 897 m7, and ac- 
cording to the thickening criteria, the required area is 876 m°. The higher value 
should be adopted, that is, 897 m°. In this case, the clarification is controlling 
the process, as it is more restrictive in terms of loading rates and required 
area. 


(c) Calculation of the surface area based on the direct equation for Q/A 


For the clarification criteria, the Q/A value was calculated in the above item as 
being 0.456 m/hour, and the required area was equal to 897 m?. 

For the thickening criteria, the Q/A value is directly obtained from Equa- 
tion 4.10: 


Gia m- [Rvo] 6.26-[1.0 x 6.2-e(-0.67 x 3.896)] 
© RDC (1.04 1) x 3.896 
= 0.467 m/hour 


Since Q = 409 m*/hour > A = 409/0.467 = 876 m? 
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Example 4.2 (Continued ) 


This value is, as expected, identical to that obtained in item (b), for thicken- 
ing. Once again, the largest area (or the lowest Q/A value) should be adopted. 
In this sense, Q/A = 0.456 m/hour is adopted, and the area is equal to 897 m?. 
The Q/A value could have also been approximately obtained from Figure 4.8. 


(d) Calculation of the surface area using Table 4.5 
(HLR and SLR criteria) 


With R = 1.0 and poor settleability, according to Table 4.5: 


For MLSS = 3,800 mg/L: clarification: Q/A = 0.90 m/hour; thickening: Q/A = 
0.50 m/hour 

For MLSS = 4,000 mg/L: clarification: Q/A = 0.43 m/hour; thickening: Q/A = 
0.43 m/hour 


Since MLSS = 3,896 mg/L, linearly interpolating the values, the following is 
obtained: 


Clarification: Q/A = 0.46 m/hour 
Thickening: Q/A = 0.47 m/hour 


By adopting the lowest value (Q/A = 0.46 m/hour), and since Q = 
409 m?/hour: 


A = 409/0.46 = 889 m? 


The A values obtained from the three methods are naturally the same (apart 
from a small difference in the result obtained from Table 4.5, as the table does 
not provide continuous solutions). 

The example of Chapter 5 (Section 5.3, conventional activated sludge) adopts 
the settleability range between fair and poor. It is interesting to compare the 
results to have an idea of the influence of the settleability ranges on the final 
result. 


Example 4.3 


An activated sludge plant is working with a high sludge blanket level, and is 
facing problems concerning solids losses in the final effluent from the sedimen- 
tation tank. SVI tests indicated that the sludge settleability can be considered 
fair, according to the classification of Table 4.2. Analyse the loading conditions 
of the sedimentation tanks and propose control measures, using Table 4.5. Data 
are: 


e average influent flow: Q = 250 m?/hour 
e return sludge flow: Q, = 150 m*/hour 
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Example 4.3 (Continued ) 


e Mixed liquor suspended solids concentration: MLSS = 4,000 mg/L = 
4.0 kg/m? 
e Surface area of the secondary sedimentation tanks: A = 200 m? 


Solution: 
(a) Evaluation of the loading conditions 


The return sludge ratio is Q,/Q = 150/250 = 0.6 

From Table 4.5, for MLSS = 4,000 mg/L, R = 0.6, and fair settleability, 
the maximum allowable values for Q/A are: 1.16 m?/m?.hour (clarification) 
and 1.01 m?/m?-hour (thickening). In this case, the thickening controls the 
process, since it is more restrictive than the clarification. The lowest value 
should be adopted (1.01 m*/m?-h). However, considering the present condi- 
tions of the wastewater treatment plant, the actual Q/A value is 250/200 = 
1.25 m3/m?-hour. The sedimentation tanks are, therefore, overloaded due to the 
fact that the Q/A applied (1.25 m?/m?-hour) is higher than the maximum Q/A 
allowed (1.01 m?/m?-hour). 

It is necessary to take operational control measures, which can involve one of 
the two following alternatives, or a combination between both: (a) reduce MLSS 
concentration and (b) increase R. Q cannot be altered, because it is independent 
of operational control. The surface area A also cannot be modified, because 
this is the existing available area. Thus, the Q/A applied remains the same 
(1.25 m3/m?-hour). 


(b) Reduce the MLSS concentration 


A reduction in MLSS implies a reduced applied solids load. The lowering 
of MLSS should be such that the maximum allowable Q/A value, extracted 
from Table 4.5, is higher than the applied Q/A value (1.25 m?/m?-hour). From 
Table 4.5, fair settleability, R = 0.6, the Q/A value for thickening immedi- 
ately higher than 1.25 is 1.30 m*/m?-hour, which corresponds to MLSS of 
3,600 mg/L. In these conditions, the maximum Q/A allowed for clarification 
is 1.42 m?/m?.hour (see Table 4.5), higher than the Q/A value for thicken- 
ing. Therefore, the concentration of MLSS in the reactor should be decreased 
from 4,000 mg/L to 3,600 mg/L, by means of an increase in the removal of 
excess sludge, aiming at reducing the load of influent solids to the secondary 
sedimentation tank. 


(c) Increase the return sludge ratio R 


A reduction in R implies a higher solids absorption capacity by the sedimen- 
tation tank. A maximum allowable Q/A value higher than 1.25 m?/m?.hour 
should be obtained. From Table 4.5, fair settleability, MLSS = 4, 000 mg/L, 
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Example 4.3 (Continued ) 


there is no Q/A value higher than 1.25 m*/m?-hour. The highest value, 
1.22 m*/m?-hour, corresponding to R = 1.2, is slightly lower than the Q/A 
value applied. Hence, it would be necessary to increase R from 0.6 to more 
than 1.2, which may not be the best solution, in case there is no sufficient 
pumping capacity. Besides that, the Q/A value for clarification would still not 
be met, because the variation in R does not affect the clarification. 


(d) Reduce MLSS and simultaneously increase R 


The joint action in MLSS and R allows different combinations, generating 
Q/A values higher than that of the applied Q/A (1.25 m?/m?-hour). A possible 
combination is MLSS = 3,800 mg/L and R = 0.8, which results in a maximum 
allowable Q/A equal to 1.29 m?/m?.hour (clarification) and 1.26 m?/m?.hour 
(thickening). In the two conditions (clarification and thickening), the maximum 
allowable Q/A values are higher than the applied Q/A value. 


Example 4.4 


An activated sludge plant is showing a weak performance in the BOD removal 
and in nitrification. The analysis of the process indicated that the concentration 
of MLSS is very low, and it needs to be increased. The plant has an oxygena- 
tion capacity sufficient to provide more oxygen, even with very high MLSS 
concentrations. Verify which concentration of MLSS can be maintained in the 
reactor without causing overloading problems to the secondary sedimentation 
tank. The sludge settleability in the plant is considered fair. The data of interest 
are: 


e average influent flow: Q = 200 m?/hour 
e return sludge ratio: R = 1.0 
e surface area of the secondary sedimentation tanks: 180 m? 


Solution: 


The applied Q/A value is 200/180 = 1.11 m?/m?-hour. From Table 4.5, for fair 
settleability and R = 1.0, the maximum allowable Q/A value (thickening) imme- 
diately higher than the applied value of 1.11 m?/m?.hour is 1.17 m?/m?-hour, 
which is associated with a concentration of MLSS of 4,000 mg/L. For this 
concentration of MLSS, the maximum allowable value (clarification) is 1.16 
m?/m?.hour, which is also satisfactory, as it is higher than the applied value. 
Therefore, the MLSS concentration in the reactor can be increased up to 4,000 
mg/L, as long as the fair settleability conditions and the Q and R values are not 
altered. 
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Table 4.6. Minimum and recommended values for the 
sidewater depth of secondary sedimentation tanks 


Liquid sidewater depth (m) 


Tank diameter (m) Minimum Recommended 

<12 3.0 3.3 
12-20 3.3 3.6 
20-30 3.6 3.9 
30-40 3.9 4.2 

>40 4.2 4.5 


Source: Adapted from WEF/ASCE (1992) 


4.3 DESIGN DETAILS IN SECONDARY 
SEDIMENTATION TANKS 


4.3.1 Sidewater depth 


The liquid depth of a sedimentation tank is usually referred to as the sidewater 
depth (SWD) of the cylindrical part (wall) in a circular sedimentation tank, and as 
depth of the final end in a rectangular sedimentation tank. 

The current tendency is to adopt high depths to ensure a better accommodation 
of the sludge blanket in its occasional expansions, allowing a better quality of the 
effluent. Table 4.6 presents values suggested by WEF/ASCE (1992), according to 
the diameter of the tank. 

It should be remembered that, in tropical countries, where nitrification occurs 
almost systematically in the reactors, the occurrence of denitrification in secondary 
sedimentation tanks is very likely to occur in case there is no intentional biological 
nitrogen removal in the reactor. A long sludge detention time in the sedimentation 
tank can allow denitrification, with the release of gaseous nitrogen bubbles, which 
adhere in their upward movement to the settling sludge, thus carrying it to the 
surface. Therefore, long sludge detention times should be avoided in the sedimen- 
tation tank, which means that high sludge blanket levels and low underflow rates 
should be avoided. 

In case the circular tank has a flat bottom, in view of the sludge removal 
by suction, the design of the sedimentation tank should be more conservative. 
WEF/ASCE (1992) suggest a 0.35 m/hour reduction in the hydraulic loading rate, 
compared with the design of a conical-bottom sedimentation tank, which has a 
higher absorption capacity of the variation of the sludge blanket level (due to the 
additional volume provided by the conical section). 

In sedimentation tanks with high bottom slopes and no mechanical sludge 
removal (Dortmund-type tanks) the sidewater depth is lower, but should be higher 
than 0.5 m, according to the Brazilian standards (ABNT, 1989). 


4.3.2 Effluent weirs 


The design of the effluent weirs is also an important item in the conception of sec- 
ondary sedimentation tanks to minimise the transportation of solids with the final 
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Table 4.7. Maximum weir loading rate values 


Weir loading rate (m?/m-hour) 


Sedimentation 

tank Condition Average flow Maximum flow 
Small = 5 10 

Large Outside the upturn zone of the current — 15 


Inside the upturn zone of the current = 10 


Source: Metcalf and Eddy, 1991 


V-NOTCH WEIR 
FRONT VIEW 


WL In the 
tank 
= = V-notch 
welr 


WL In effluent launder 


Figure 4.9. Detail of a V-notch effluent weir 


effluent. The weirs can be either continuous or, preferably, with V-notches (Fig- 
ure 4.9). The latter one is more recommended as it is less influenced by occasional 
differences in the fixing level of the weirs. 

The required length of the weirs is calculated based on the weir loading rate 
(m?/hour per metre of weir), which corresponds to the flow per unit length of 
the weir. The weir rate is associated with the liquid approaching velocity: high 
velocities could carry solids from the sludge blanket. Since the important factor is 
the approaching velocity, in V-notch weirs the flow that goes through the openings 
is not influential, and the velocity is dictated by the influent flow that approaches 
all the weir length. 

Metcalf and Eddy (1991) suggest the weir loading rate values listed in 
Table 4.7. WEF/ASCE (1992) suggest 5 m?/m-hour for small plants and 
8 m?/m-hour for larger plants. 

In well-designed circular tanks, the perimeter of the tank usually meets the weir 
loading rate criteria. English experiences (Johnstone et al., 1979) indicated that 
single-faced weir launders (even if with higher loading rates) are preferable to 
double-faced weir launders (internal to the tank). In double-faced weir launders, 
the face closer to the external wall receives the rising liquid current parallel to the 
wall, carrying a larger quantity of solids. 


4.3.3 Other design details 


The following comments can be made on circular and rectangular sedimenta- 
tion tanks provided with mechanised sludge removal (Metcalf and Eddy, 1991; 
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WEF/ASCE, 1992): 


Rectangular sedimentation tanks: 


The distribution of the influent flow should be homogeneous, to avoid 
excessive horizontal velocities and hydraulic short circuits. 

It is recommended that the length/depth ratio does not exceed the value of 
10 to 15. 

If a tank is wider than 6 m, multiple sludge collectors can be adopted to 
allow a width up to 24 m. 

The sludge collecting mechanism should have a high capacity to avoid 
preferential routes of the liquid through the sludge. It should also be sturdy 
to remove and transport thicker sludges accumulated during interruptions 
in the operation. 

The most common sludge removal mechanisms are: (a) scraper with trav- 
elling bridge (see Figure 4.2), (b) scraper with submerged chains, and (c) 
suction removers. The scraping mechanisms usually transport the sludge 
to a hopper in the inlet end of the tank. 


Circular sedimentation tank: 


The most usual diameters range from 10 m to 40 m. 

The diameter/sidewater depth ratio should not exceed the value of 10. 
The sludge can be removed either by rotating scrapers that direct the sludge 
to a hopper at the centre of the tank or by suction mechanisms supported 
by rotating bridges. 

The bottom of the tank should have a slope of approximately 1:12, in the 
case of sludge removal by scrapers, or be flat, in the case of removal by 
suction. 


4.4 DESIGN OF PRIMARY SEDIMENTATION TANKS 


Primary sedimentation tanks are used in conventional activated sludge plants. Their 
main function is to reduce the organic matter load to the biological treatment stage. 
The main design parameters are presented in Tables 4.8 and 4.9. 

Weir loading rates are not important in primary sedimentation tanks followed 
by activated sludge systems. 

The Brazilian standards for the design of wastewater treatment plants (ABNT, 
1989) recommend the following points: 


General considerations: 


A WWTP with a design maximum flow higher than 250 L/s should have 
more than one primary sedimentation tank. 

The sludge removal pipes should have a minimum diameter of 150 mm; 
the sludge gravity transport piping should have a minimum slope of 3% 
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Table 4.8. Typical design parameters for primary sedimentation tanks followed by 
activated sludge systems 


Primary settling followed Primary settling with excess 


by secondary treatment activated sludge return 
Item Range Typical Range Typical 
Hydraulic loading rate (Quverage) 1.42.1 — 1.0-1.4 — 
(m?/m?-hour) 
Hydraulic loading rate (Qmax) 3.4-5.1 4.3 2.0-2.9 2.6 
(m?/m?-hour) 
Detention time (hour) 1.5-2.5 2.0 1.5-2.5 2.0 


Source: Metcalf and Eddy (1991) 


Table 4.9. Typical design parameters for rectangular and circular primary 
sedimentation tanks 


Rectangular tank Circular tank 
Item Range Typical Range Typical 
Depth (m) 3.0—4.5 3.6 3.0-4.5 3.6 
Length (m) 15-90 24-40 — = 
Width (m) 3-24 5-10 — — 
Diameter (m) — — 3-60 12-45 
Bottom slope (%) — — 6-17 8 


Source: Metcalf and Eddy (1991) 


and the bottom sludge removal should be such that allows the observation 
and control of the sludge removed. 

e The sludge accumulation hopper should have walls with slopes equal to 
or higher than 1.5 vertical to 1.0 horizontal, with a bottom base with a 
minimum dimension of 0.60 m. 


Primary sedimentation tank with mechanised sludge removal: 


e The removal device should have a velocity equal to or lower than 20 mm/s 
in the case of rectangular sedimentation tanks, and a peripheral velocity 
equal to or lower than 40 mm/s in the case of circular sedimentation tanks. 

e The minimum sidewater depth should be equal to or higher than 2.0 m 

e For rectangular sedimentation tanks, the length/sidewater depth ratio 
should be equal to or greater than 4:1; the width/sidewater depth ratio 
should be equal to or greater than 2:1 and the length/width ratio should be 
equal to or greater than 2:1. 

e For rectangular sedimentation tanks, the horizontal flow velocity should be 
equal to or lower than 50 mm/s; when receiving excess activated sludge, 
the velocity should be equal to or lower than 20 mm/s. 
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Primary sedimentation tank without mechanised sludge removal 
(Dortmund-type tanks): 


e The minimum sidewater depth should be equal to or higher than 0.5 m. 

e The sedimentation tank can be either circular or square in plan, with a 
single conical or pyramidal sludge hopper, sludge discharge by gravity, wall 
slope equal to or greater than 1.5 vertical by 1.0 horizontal, and diameter 
or diagonal not exceeding 7.0 m. 

e The sedimentation tank can be rectangular in plan, fed by the smaller side, 
provided that the tank consists totally of square-based pyramidal hoppers, 
with sides lower than 5.0 m and with individual sludge discharges. 

e The minimum hydraulic load for sludge removal should be five times the 
head loss calculated for water, and not lower than 1.0 m. 


5 


Design example of an activated 
sludge system for organic 
matter removal 


5.1 INTRODUCTION 


Design the biological stage of an activated sludge system to treat the wastewa- 
ter generated in the community. The treatment units should be designed for BOD 
removal, using the conventional activated sludge variant. The occurrence of nitri- 
fication should be taken into consideration, but the system should not be designed 
for biological nutrient (nitrogen and phosphorus) removal. The design should be 
made for the 20th year of operation. For that year, input data are as follows: 


e Population equivalent: 67,000 inhabitants 
* Influent flow: average: 9,820 m?/d 


maximum: 19,212 m?/d 
minimum: 4,003 m3/d 


e  Influent loads: BOD: 3, 350kg/d 
SS: 3, 720kg/d (per capita load of 60 gSS/ 
inhabitant-day) 
TKN: 496kg/d (per capita load of 8 gTKN/ 
inhabitant-day) 


© 2007 IWA Publishing. Activated Sludge and Aerobic Biofilm Reactors by Marcos von Sperling. 
ISBN: 1 84339 165 1. Published by IWA Publishing, London, UK. 
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e Influent concentrations: BOD: 341mg/L 
SS: 379mg/L 
TKN: 5lmg/L 


e Temperature of the liquid: average of the coldest month: 20°C 
average of the warmest month: 25 °C 


e Altitude: 800m 
¢ Desired characteristics for the effluent: BOD: 20mg/L 
SS: 30mg/L 


5.2 MODEL PARAMETERS AND COEFFICIENTS 
(a) Kinetic and stoichiometric parameters 


According to Table 3.2, the following values were adopted: 


Y = 0.6 gVSS/gBODs 

Ka = 0.08 d”! (20°C) 

8 = 1.07 (temperature correction for Ka) 

Ratio O2/SS, = 1.42 gO, per g biodegradable VSS 
Ratio BOD,/BODs = 1.46 


(b) Relations between solids 
According to Table 3.2, the following values were adopted: 
Raw sewage: 


SS,/VSS = 0.60 
VSS/SS = 0.80 


Biological solids to be generated: 
SS,/SS = 0.80 
VSS/SS = 0.90 


After a time equal to the sludge age: 

VSS/SS = 0.77 (conventional activated sludge; system with solids in the raw 
sewage and with primary sedimentation tank) 

(initial estimate — see Table 2.6; exact value to be calculated later on): 


(c) Aeration coefficients 


The following values can be adopted: 


C; = 9.02 (clean water, 20 °C) 
a = 0.85 


106 Activated sludge and aerobic biofilm reactors 


B = 0.90 

O = 1.024 (for correction of Ky a for the operating temperature) 
Specific gravity of air = 1.2 kg/m? (20 ºC, altitude = 0 m) 
Fraction of O3 in air (by weight) = 0.23 g05/g air 


5.3 DESIGN OF THE CONVENTIONAL ACTIVATED 
SLUDGE SYSTEM 


5.3.1 Design parameters 


(a) Removal efficiencies assumed for the primary sedimentation tank 


BODs = 30% 
SS = 60% 
TKN = 20% 


(b) Reactor 


Fully aerobic reactor (without anoxic or anaerobic zones) 
0, = 6 days 

MLVSS = 3,000 mg/L 

R = 1.0 (return sludge ratio) 


(c) Aeration system 


Minimum DO (with Qmax): CL = 1.0 mg/L 
Average DO (with Qw): CL = 2.0 mg/L 


Mechanical aeration (low speed): 
OE (standard conditions) = 1.8 kgO2/kWh 


Diffused air (fine bubbles): 
O» transfer efficiency = 0.15 
Efficiency of the motor and the blower n = 0.60 


(d) Secondary sedimentation tank 
Limiting flux (settleability ratios are between fair and poor) (see Table 4.2) 


Taking the arithmetic mean for the values of vo, K, m and n (Table 4.3) correspond- 
ing to fair and poor settleability, thus characterising settleability as fair—poor: 


Vo = 7.40 m/hour 
K = 0.59 m3/kg 
m = 7.34 

n= 0.71 
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5.3.2 Effluent loads and concentrations from the primary 
sedimentation tank (influent to the reactor) 
In the primary sedimentation tank, the main pollutants are removed according to 


the percentages given in Section 5.3.1.a. The effluent loads and concentrations 
are: 


(100 — Efficiency) 
100 


Effluent = Influent- 


Effluent BOD = 3,350 kg/d-(100 — 30)/100 = 2,345 kg/d 
= 341 mg/L-(100 — 30)/100 = 239 mg/L 


Effluent SS = 3,720 kg/d-(100 — 60)/100 = 1,488 kg/d 
= 379 mg/L-(100 — 60)/100 = 152 mg/L 


Effluent TKN = 496 kg/d-(100 — 20)/100 = 397 kg/d 
= 51 mg/L-(100 — 20)/100 = 40 mg/L 


5.3.3 Soluble BOD of the final effluent 


¢ Effluent SS concentration: 
Xem = 30 mg/L (stated in the problem) 
¢ Effluent VSS concentration: 
Xvem = (VSS/SS ratio with 0, days)-Xen = 0.77 x 30 = 23 mgVSS/L 


e Correction of Kg for the temperature of the coldest month (20 °C): no 
correction because the temperature of the coldest month coincides with 
the standard temperature of 20 °C: Kg = 0.08 d7! 


e Coefficient fe (SS,/VSS ratio) (Equation 2.2): 


E fy o 0.80 
PC 1+1- fy) Ka-8 1+ (1 — 0.80) x 0.08 x 6 
= 0.73 mgSS,/VSS 


* Concentration of biodegradable solids in the effluent: 


Xbem = fp-XVer = 0.73 x 23 = 17 mgSS,/L 
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e Particulate BOD; in the effluent (Section 2.6): 


BOD,/Xb)-Xbe 1.42 x 1 L 
_ (BOD,/Xp) bem x 17 mg/ Liwsi 


BOD; = 
mm —  (BOD,/BOD;) 1.46 


e Maximum soluble BOD to be obtained (Equation 2.10 rearranged): 


BOD5so1 = BOD5tot — BOD5part = 20 — 16 = 4 mg/L 


5.3.4 Efficiency of the system in BOD removal 


E = (BODing — BODem) x 100/BODina 


In the system (primary sedimentation tank + biological stage): E = (341 — 20) x 
100/341 = 94.1% 


In the biological stage: E = (239 — 20) x 100/239 = 91.6% 


5.3.5 BOD; load removed in the biological stage 


Sr = Qaverage X (BODtoting — BODsolem) 
Sr = Q-(So— S)/1,000 = 9,820 x (239 — 4)/1,000 = 2,308 kgBODs/d 


5.3.6 Distribution of the solids in the treatment 


The purpose of this section is to estimate the total production of solids (raw 
sewage + biological solids) and the ratio VSS/SS. Since this is a laborious task, 
this section can be replaced (for predominantly domestic sewage) by simplified 
estimates of the production of solids and the VSS/SS ratio (Section 2.19 and Ta- 
ble 2.6). Thus, in a more straightforward and simplified version of the example, 
the present section can be omitted, and the calculations in the following paragraph 
may be adopted. 

From Table 2.6, for a system with sedimentation tank, 0, = 6d, Y = 0.6 and 
Ka = 0.08 d7!: 


* VSS/SS = 0.76 
* SS/S, = 0.87 kgSS/kgBODs rem — P,=0.87 kgSS/kgBOD x 
2,308 kgBOD/d = 2,008 kgSS/d 


For a detailed calculation, the following steps should be followed. 
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(a) Influent solids to the reactor (effluent from the primary 
sedimentation tank) 


e Total suspended solids: 
Px = 1,488 kgSS/d (Section 5.3.2) 
e Volatile suspended solids: 


Psy = (VSS/SS ratio in the raw sewage)-P, = 0.8 x 1,488 
= 1,190 kgVSS/d 


e Biodegradable volatile suspended solids (they are not added to the mass 
balance as they are already included in the influent BOD. They will be 
stabilised, causing the generation of biological solids — they are just used 
to compute Pxnp): 


Pp = (SS,/VSS in the raw sewage)-P,, = 0.60 x 1,190 = 714 kgSS,/d 
e Non-biodegradable volatile suspended solids: 
Pxnb = Px, — Px» = 1,190 — 714 = 476 kgSS,,,/d 
* Inorganic suspended solids (non-volatile): 
Pa = Px — Px = 1,488 — 1,190 = 298 kgSS;/d 


(b) Biological solids generated in the reactor 


e Volatile suspended solids produced: 
Produced Py = Y-S, = 0.6 x 2,308 kgBODs/d = 1,385 kg VSS/d 


e Total suspended solids produced: 
Produced Px = Px,/(VSS/SS ratio in the generation of solids) 
= 1,385/0.9 = 1,539 kgSS/d 


e Inorganic suspended solids produced: 
Produced P,; = Produced P, — Produced P,, = 1,539 — 1,385 
= 154 kgSS,/d 


e Biodegradable suspended solids produced: 


Produced Px» = f,-produced Px, = 0.73 x 1,385 = 1,011 kgSS,/d 
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e Non-biodegradable suspended solids produced: 
Produced Px,» = Produced P,, — Produced P,, = 1,385 — 1,011 
= 374 kgSS,,/d 


e Biodegradable suspended solids destroyed in the endogenous respiration: 
Destroyed P,,, = Produced Pxp-(Ka:9)/(1 + fp-Ka-8.) 
= 1,011 x (0.08 x 6)/(1 + 0.73 x 0.08 x 6) 
= 359 kgSS,/d 


e Remaining biodegradable suspended solids (net production): 
Net Px» = Produced Px, — Destroyed P,,, = 1,011 — 359 = 652 kgSS,/d 


e Remaining volatile suspended solids (net production): 


Net Px, = Net Px» + Produced Pxnp = 652 + 374 = 1,026 kgVSS/d 


(c) Summary of the reactor 


Total production = Input from the influent sewage + Production of biological 
solids in the reactor 
* Inorganic suspended solids: 
Pa = 298 + 154 = 452 kgSS,/d 
e Non-biodegradable suspended solids: 
Pxnb = 476 + 374 = 850 kgSS,p/d 
e Biodegradable suspended solids: 
Pop = 0+ 652 = 652 kgSS,/d 
e Volatile suspended solids: 
Pxv = Pxnb + Px = 850 + 652 = 1,502 kgVSS/d 
e Total suspended solids: 
Px = Pyy + Pxi = 1,502 + 452 = 1,954 kgSS/d 


e Resultant VSS/SS ratio: 
VSS/SS = 1, 502/1, 954 = 0.77 (This value matches with the initially 
adopted value — see Section 5.2.b. If it had been substantially different, 
the initial value should be altered, and the calculations re-done) 


e Ratio SS produced by BOD; removed: 
SS/S, = 1,954/2,308 = 0.85 kgSS/kgBODs rem (a value very close to the 
value of Section 2.19, Table 2.6) 


The significant contribution represented by the solids of the raw sewage can 
be observed. To design the sludge treatment stage, the solids removed from the 
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primary sedimentation tank (primary sludge) should be added to these values 
calculated for the solids produced in the reactor (secondary sludge). 


5.3.7 Reactor volume 
According to Equation 2.4 (S, is the BOD load removed — see Section 2.4): 


Y-0.-S; 0.6 x 6 x 2,308 x 1,000 


V= = = 2,051 m? 
Xy.(1 + fy-Kg-0,) 3,000 x (1 + 0.73 x 0.08 x 6) E” 


Number of reactors to be used: 2 


Volume of each reactor: V; = 2,051/2 = 1,026 m? 
Depth: 4.0 m 


Area required: 1,026/4.0 = 257 m? 
Dimensions: length L = 32.0 m; width B = 8.0m 


The ratio L/B = 32.0/8.0 = 4 allows, in this example, the symmetrical allocation 
of four aerators. Reactors with a different number of aerators should have different 
ratios. 


e Hydraulic detention time: 
t = V/Q = 2,051/9,820 = 0.21 d = 5.0 hours 
e Substrate utilisation rate U: 
Sr 2,308 x 1,000 
~ X, xV 3,000 x 2,051 
e F/M ratio: 


= 0.38 kgBOD,/kgMLVSS.-d 


Influent BOD load to the reactor _ 2,345 x 1,000 
XV ~ 3,000 x 2,051 
= 0.38 kgBOD,/kgMLVSS-d 


EM = 


5.3.8 Excess sludge removal 


Total SS produced (influent + produced in the reactor) (see Section 5.3.6.0) = 
1,954 kgSS/d 

SS leaving with the final effluent = Q-SSesiuent/1,000 = 9,820 x 30/1,000 = 295 
kgSS/d 

SS to be removed from the system = total SS — SS effluent = 1,954 — 295 = 
1,659 kgSS/d 


(a) Option: direct removal from the reactor 


Concentration: MLSS = MLVSS/(VSS/SS) = 3,000/0.77 = 3,896 mg/L 
Volume to be removed per day: Q,x = load/concentration = 1,659 x 
1,000/3, 896 = 426 m*/d 
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(b) Option: removal from the sludge return line 


Concentration: RASS = MLSS. (1 + 1/R) = 3,896 x (1 + 1/1) = 7,792 mg/L 
Volume to be removed per day: Qex = load/concentration = 1,659 x 1,000/ 
7,792 = 213 m*/d 


Note that, with the return sludge ratio of R = 1, the excess sludge flow is 
double and the SS concentration is half, when the sludge is directly removed from 
the reactor, compared with the removal from the return sludge line. The solids load 
to be removed is, naturally, the same. 


5.3.9 Oxygen requirements 
(a) O; requirements in the field 


See equations in Section 2.16. 

a’ = (BOD,/BODs) — (BOD,/X,)-Y = 1.46 — 1.42 x 0.6 = 0.608 kgO,/ 
kgBOD, 

b' = (BOD,/X,)-fp-Ka = 1.42 x 0.73 x 0.08 = 0.083 kgO,/kgVSS 

Demand for synthesis: a'-S, = 0.608 x 2,308 = 1,403 kgO,/d 

Demand for endogenous respiration: b'-X,-V = 0.083 x 3,000 x 2,051/1,000 = 
511 kgO,/d 

Demand for nitrification: 1,344 kgO»/d (see Item ‘b’ below — nitrification) 

Saving with denitrification: 0 kgO»/d (there is no intentional denitrification in the 
reactor) 


e OR average: total demand (for Qu) = 1,403 + 511 + 1,344 — 0 = 
3,258 kgO,/d 

e Total demand (for Qmax): OTReela = (Qmax/Qay)-ORay = (19,212/ 
9,820) x 3,258 = 1.96 x 3,258 = 6,374 kgO,/d 


Demand to be satisfied in the field: total demand for Qmax 


Average, O2 required per kgBOD, removed: (1,403 + 511)/2,308 = 0.83 kgO,/ 
kgBODs (very similar to the value shown in Table 2.6) 


OTR/influent BOD to reactor ratio = 6,374/2,345 = 2.72 kgO,/kgBODs 
(b) Nitrification 


Assume 100% efficiency in the nitrification. 

Ammonia fraction in the excess sludge: 0.1 kg TKN/kgVSS (assumed) 

Influent TKN load to the reactor (Section 5.3.2): 397 kg TKN/d 

TKN load in the excess sludge: 0.1.P,y net = 0.1 x 1,026 = 103 kgTKN/d (see 
Section 5.3.6.b) 

TKN load to be oxidised = influent TKN load — excess sludge TKN load = 
397 — 103 = 294 kg TKN/d 

Stoichiometric O, demand ratio for nitrification: 4.57 kgO2/kgTKN 
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O, demand for nitrification: 4.57 x 294 = 1, 344 kgO,/d (this value is included in 
Item ‘a’ above) 


Chapters 6 and 7 provide a more detailed calculation for the estimation of the 
oxidised TKN load, which should be preferably adopted. The example in Chapter 7 
shows the calculation for nitrification, according to this method. 


(c) Correction for standard conditions 


DO saturation concentration as a function of the temperature: 
C, = 14.652 — 0.41022 x T + 0.007991 x T? — 0.000077774 x T? 


C, in the coldest month (20 °C): C, = 9.02 mg/L 
C; in the warmest month (25 °C): Cs, = 8.18 mg/L 


e Standard oxygen transfer rate (SOTR or OTRgtandara) required in the coldest 
month (see Section 5.2.c for parameters): 


OTR OTRéeia 6,374 
standard = B -#,-C,—C —20 — 0.9x0.92x9.02—1.0 20-20 
ao ao SENOS x 0.85 x 1.024 
6,374 
= = 10,449 kgO,/d 
0.610 dd 
fy = correction factor of C, for the altitude 
(= 1 — altitude/9,450) = 1 — 800/9,450 = 0.92 
CL = oxygen concentration to be maintained in the reactor = 
1.0 mg/L 
C,(20 °C) = oxygen saturation concentration in clean water, under stan- 


dard conditions: 9.02 mg/L 
T= temperature of the liquid = 20 °C 
e Standard oxygen transfer rate (SOTR or OTRgtandara) required in the 
warmest month: 


OTR OTRaeid 6.374 
standard = = 
ti piao 0:90.97 x81810 x 0.85 x 1.02425-20 
6,374 
= = 10,398 kgO2/d 
0.613 i 


From the values for the coldest month (10,449 kgO2/d) and the warmest month 
(10,398 kgO2/d), the larger should be chosen. Thus: 


OTRetandard = 10,449 kgO,/d = 435 kgO,/hour 
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5.3.10 Alternative: mechanical aeration 
(a) Required power 


Oxygenation efficiency under standard conditions (low speed, fixed vertical shaft 
mechanical aerators): OE = 1.8 kgO2/kWh 

Required power: OTRstandard/O Estandard = 435/1.8 = 242 kW (323 HP) 

Number of aerators for each reactor: 4 

Total number of aerators: 2 x4 = 8 

Power required for each aerator: 323/8 = 40.4 HP. Use eight aerators of 50 HP 
each 

Total installed power: 8 x50 = 400 HP (294 kW) 

Power level = Power (kW)-1,000/V = 294 x 1,000/2,051 = 143 W/m? 

(power level installed, but not necessarily used) 

Resultant OTRgtandara = Power x OE = 294 x 1.8 = 529 kgO>/hour 
(12,696 kgO2/d) 


(b) Resultant DO concentration 


By rearranging the OTRgtandara and making Cy explicit, the DO concentration in 
the tank is obtained, for the values of OTR¢ejq and the resultant OTRstandara. This 
calculation is done because the supplied aeration capacity is slightly higher than 
that required, since more power was provided for the aerators (294 kW) compared 
with the value required (242 kW). 


e Concentration of DO during Qa (average flow) 


Warmest month: 


OTRae C 
CL = bao ( field S20 ) 


OTR standard x-0 as 


3,258 9.02 
12,696 0.85 x 1.024025-20) 


= 0.9 x 0.92 x 8.18 ( 


= 4.35 mgO,/L 
Coldest month: 
OTRsea  Cs20 
Cr = B-fy-C, ] 
E b e (ae Pe) 


2 9.02 
= 0.9 x 0.92 x 9.02 ( al : ) 


12,696 0.85 x 1.02400-20) 
= 4.75 mgO,/L 


To save energy, lower DO concentrations than this can be reached, if the 
aeration capacity is reduced by turning off the aerators or lowering the 
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aerator submergence or speed. Reducing the oxygenation capacity can 
maintain DO in the desirable range of around 2.0 mg/L (see Section 5.3.1.c). 


e Concentration of DO during Qmax (maximum flow) 


Warmest month: 


OTR¢e C 
OANT Mal ( field S20 ) 


OTR standard X Gr. 


6,374 9.02 
12,696 0.85 x 1.02405-20) 


= 0.9 x 0.92 x 8.18 ( 


= 2.04 mgO,/L 
Coldest month: 
OTRfíea  Cs20 
Cr = B-fy-C, . 
j b á (e En) 


6,374 9.02 
= 0.9 x 0.92 x 9.02 


12,696 0.85 x 1.02400-20) 
= 2.14 mgO,/L 


These DO values for Qmax are higher than the minimum allowable design value 
of 1.0 mg/L (Section 5.3.1.c), since the installed power is higher than that required. 
If the aerators had been adopted with a power identical to that required, the pre- 
ceding calculations would have led to a DO concentration in the warmest month 
(in the present case, the most critical month) equal to 1.0 mg/L. 


5.3.11 Alternative: aeration by diffused air 


¢ Theoretical amount of air required in the field: 


Rair theoretical 
OTR standard 
specific gravity air (20 °C, altit.0 m) x fraction O air (by weight) 
10,449 kgO,/d 


= 5 — = 37.859 m'air/d 
1.2 kg/m” x 0.23 gO,/g air 


e Actual amount of air required (including O; transfer efficiency): 
For an efficiency of 15% (see Section 5.3.1.c): 


Rair actual = Rair theoretical/efficiency = 37,859/0.15 
= 252,393 m° air/d 
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e Quantity of air to be used (with safety factor): 
Apply a safety factor. Metcalf and Eddy (1991) suggest a value of 2 for 
sizing the blowers. Since the current calculation has already been made 
computing the oxygen demand for maximum flow, a lower value of the 
safety factor could be adopted (say, 1.5). 
Adopted Rai = actual Rai x safety factor = 252,393 x 1.5 = 378,590 
m’? air/d (= 265 m’? air/min) (= 4.4 m/s) 

* Energy requirements: 
Assume that the head loss in the air piping (AH) is 0.4m. In a real design, 
the head loss AH should be calculated along the air distribution system. 


— Qe-p-g(di t+ AH) 4.4 x 1,000 x 9.81 x (4.0 + 0.4) 
= n = 0.60 
= 316, 536 W = 317 kW = 431 HP 


P 


e Resultant oxygenation efficiency: 


_ OTRstandara X Safety factor _ 435 kgO,/h x 1.5 
É P a 317 kW 
= 2.06 kgO,/kW-hour 


EO 


e Resultant DO concentrations: 
Follow the methodology used in 5.3.10.b. 


Note: In the diffused air alternative, a larger depth can be adopted for the reactor 
(5 to 6 m), thus optimising the transfer of oxygen and reducing the area required. 


5.3.12 Area required for the secondary sedimentation tank 
Use equations presented in Chapter 4. 
(a) Input data 


Q = 9,820 m?/d = 409 m3/hour 
Qmax = 19,212 m3/d = 801 m?/hour 
Q, = 9,820 m3/d = 409 m?/hour 
MLSS = 3896 mg/L = 3.896 kg/m? 


(b) Surface area required based on the simplified limiting flux theory 


The relevant coefficients, for fair—poor settleability, are (see Section 5.3.2-d): 


Vo = 7.40 m/hour; K = 0.59 m/kg; m= 7.34; n= 0.71 
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Q/A for the clarification criteria: 
Q/A = voe EC = 7.40.01:52x3:896 = 0.743 m/hour 


Q/A for the thickening criteria: 


m [Rvo eE] 7.34-[1.0 x 7.40-e(-0:59x3.806 [9-7 
(R+ 16 (1.0 + 1) x 3.896 
= 0.763 m/hour 


Using the smallest of the Q/A values (0.743 m/hour for clarification and 
0.763 m/hour for thickening) and knowing that Q = 409 m?/hour: 


A = 409/0.743 = 550 m? 


5.3.13 Alternative: circular secondary sedimentation tanks 
(a) Diameter 


Number of sedimentation tanks to be used: 2 
Area required for each sedimentation tank: 550/2 = 275 m? 


Diameter: 
4A [4x 275 
D=. =,/— 2 =18.7m — Adopt 19.0 m. 
x 3.14 


Resultant area of each sedimentation tank: A = 7-D?/4 = 3.14 x 19.024 = 
283 m? 
Total resultant area: 2 x 283 = 566 m2 


(b) Resultant loading rates 


e Resultant hydraulic loading rate with Qw: HLR = Q/A = 409/566 = 
0.72 m3/m?-hour 

e Resultant hydraulic loading rate with Qmax: HLR = Qmax/A = 801/566 = 
1.42 m3/m?-hour 

e Resultant solids loading rate with Qav: SLR = (Q+Q,)-X/A = (409 + 
409) x 3.896/566 = 5.6 kgSS/m?-hour 

e Resultant solids loading rate with Qmax: SLR = (Qmax+Q,)-X/A = (801 + 
409) x 3.896/566 = 8.3 kgSS/m?-hour 


All the loading rates are within typical ranges reported by Metcalf and Eddy 
(1991) and WEF/ASCE (1992) (see Table 4.1). 


(c) Other dimensions 


Sidewater depth (cylindrical part of the tank): H = 3.5 m (adopted) 
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Bottom slope: 8% (= 1/12 vertical/horizontal) 
Depth of the conical part of the tank: Heone = (D/2)-(slope/100) = (19.0/2) x 
(8/100) = 0.76 m 
Volume of each sedimentation tank: 
V = A(H + Heone/3) = 283 x (3.5 + 0.76/3) = 1,064 m? 


Total volume of the sedimentation tanks: 2 x 1,064 = 2,128 m? 


(d) Hydraulic detention time 


For average flow + recirculation: t= V/(Q + Q,) = 2,128/(409 + 409) = 
2.6 hours 

For maximum flow + recirculation: t = V/(Qmax + Q,) = 2,128/(801 + 409) = 
1.7 hours 


(e) Effluent weir 


Available weir length (for each sedimentation tank; assume that the crest of the 
weir is 0.5 m from the side wall, into the sedimentation tank): 


Lweir = T(D — 2-distance) = 3.14 x (19.0 — 2 x 0.5) = 56.5m 
Resultant weir loading rate in each of the 2 sedimentation tanks: 


For influent Qa: Weir rate = (Q/2)/Lweir = (409/2)/56.5 = 3.6 m?/m-hour 
For influent Qmax: Weir rate = (Qmax/2)/Lweir = (801/2)/56.5 = 7.1 m?/m-hour 


These rates are within recommended values (Table 4.7) 


5.3.14 Alternative: rectangular secondary 
sedimentation tanks 


Number of sedimentation tanks: 4 
Area required for each sedimentation tank: 550/4 = 138 m? 


Dimensions: 


Depth: H = 4.0 m 

Length: L = 20.0 m 

Width: B = 6.9 m 

Other calculations: similar approach to the circular sedimentation tanks 


5.3.15 Primary sedimentation tanks 


The primary sedimentation tanks can be designed based on the loading rates and 
criteria presented in Section 4.4. The sizing of the tanks is similar to that presented 
in the current example (Sections 5.3.13 and 5.3.14). 
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5.4 SUMMARY OF THE DESIGN 


Characteristics of the influent 


Influent Characteristic Item Value 

Raw sewage Flow (m?/d) Average 9,820 

Maximum 19,212 

Minimum 4,003 

Flow (l/s) Average 114 

Maximum 222 

Minimum 46 

Average concentration BOD; 341 

(mg/L) TKN 51 

SS 379 

Average load (kg/d) BODs 3,350 

TKN 496 

SS 3,720 

Settled sewage Average concentration BOD; 239 

(effluent from (mg/L) TKN 40 

primary SS 152 
sedimentation tanks 

and influent to Average load (kg/d) BODs 2,345 

biological stage) TKN 397 

SS 1,488 


Biological reactors (alternative: mechanical aeration) 


Characteristic Value 
Sludge age (d) 6 
Adopted MLVSS (mg/L) 3,000 
Resultant MLSS (mg/L) 3,896 
Dimensions 

e Total volume of the reactors (m°) 2,051 

e Number of reactors (—) 2 

° Length (m) 32.0 
e Width (m) 8.0 
° Depth (m) 4.0 
Average detention time (hours) 5.0 
Return sludge ratio (—) 1.0 
Aeration 


* O; requirements (field) (for Qu) (kgO2/d) 3,258 
* O; requirements (field) (for Qmax) (kgO2/d) 6,374 


* O; requirements (standard) (kgO,/d) 10,449 
e Oxygenation efficiency (kgO2/kWh) 1.8 
* Required power (HP) 323 
* Number of aerators (—) 8 
* Power of each aerator (HP) 50 
e Total installed power (HP) 400 
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(Continued ) 


Characteristic Value 


Excess sludge 
Removal from the reactor 


* Flow (m?/d) 426 
e Load (kgTSS/d) 1,659 
e Concentration (mgTSS/L) 3,896 
Removal from the return sludge line 

* Flow (m?/d) 213 
° Load (kgTSS/d) 1,659 
* Concentration (mgTSS/L) 7,792 
Estimated concentrations in the final effluent (mg/L) 

BOD; 20 
SS 30 


Secondary sedimentation tanks (alternative: circular sedimentation tanks) 


Characteristic Value 

Dimensions 

* Number of sedimentation tanks 2 

e Diameter of each sedimentation tank (m) 19.0 

e Sidewater depth (m) 3.5 

* Depth of the conical part (m) 0.76 

* Bottom slope (vertical/horizontal) (%) 8 

e Total resultant volume of the sedimentation tanks (m°) 2.128 

Detention times (hour) 

e For Quay T Qr 2.6 

* For Qmax + Qr 1:7 

Resultant average loading rates 

* Hydraulic loading rate (m?/m?-hour) 0.7 

e Solids loading rate (kg/m?-hour) 5.6 

e Weir loading rate (m?/m-hour) 3.6 
BIOLOGICAL STAGE 


Schematic layout 


return sludge 


i REACTOR 1 
i * % % x 
influent y final effluent 
joes to recelving 
(comes from the primary (g! 
sedimentation tanks) * * x x water body) 
REACTOR 2 
` 


excess sludge 
(goes to sludge 
treatment) 
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Principles of biological 
nutrient removal 


6.1 INTRODUCTION 


Biological nutrient removal (BNR) is a topic that is proving increasingly important 
in the design of activated sludge systems. The nutrients of interest, in this case, 
are nitrogen and phosphorus. In many regions, BNR is being used in a systematic 
way in new projects, and existing treatment plants are being converted to enable 
the occurrence of BNR. 

Naturally, the need or desirability to have nitrogen and phosphorus removal 
depends on a broader view of the treatment objectives and the final effluent and 
receiving-body water quality. In sensitive bodies, such as lakes, reservoirs and 
estuaries subject to eutrophication problems, BNR assumes a great importance. 
The discharge and water-body standards can influence the decision on whether 
nutrient removal is needed and to what degree it should be performed. 

The European Community’s guidelines (CEC, 1991) for discharge into sensitive 
water bodies, that is, subject to eutrophication, establish the following limits: 


Total phosphorus: 


e populations between 10,000 and 100,000 inhabitants: concentration of less 
than 2 mg/L or minimum removal of 80% 
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e populations above 100,000 inhabitants: concentration of less than 1 mg/L 
or minimum removal of 80% 


Total nitrogen: 


e populations between 10,000 and 100,000 inhabitants: concentration of less 
than 15 mg/L or minimum removal of 70-80% 

* population above 100,000 inhabitants: concentration of less than 10 mg/L 
or minimum removal of 70-80% 


When analysing the desirability of incorporating BNR, following a trend ob- 
served in more developed countries, a scale of priorities should always be kept 
in mind. Many of the developed countries have already solved most of the prob- 
lems of carbonaceous matter (BOD and COD) in their effluents and now need to 
move to a second stage of priorities, which concerns BNR. In developing coun- 
tries, there is still the need to solve the basic problems of carbonaceous matter 
and pathogenic organisms, obviously without losing the perspective of applying, 
whenever necessary, nutrient removal. 

Besides the aspects of the receiving body, the inclusion of intentional nutrient 
removal can lead to an improvement in the operation of the WWTP. In the case 
of nitrogen removal, there are savings on oxygen and alkalinity, besides the re- 
duction of the possibility of having rising sludge in the secondary sedimentation 
tanks. 

This chapter focuses on the basic principles of the following topics associated 
with biological nutrient removal: 


e nitrification (oxidation of ammonia to nitrite and then to nitrate) 
e denitrification (conversion of nitrate into gaseous nitrogen) 
e phosphorus removal (biological phosphorus removal) 


It should be stressed that nitrification does not result in the removal of nitrogen, 
but only in a conversion in its form from ammonia to nitrate. Thus, nitrification 
should be understood as removal of ammonia, but not of nitrogen. Nitrification 
takes place almost systematically in activated sludge plants operating in warm- 
climate conditions. Thus, the design should take its occurrence into consideration, 
mainly in the estimation of the oxygen requirements. The design example presented 
in Chapter 5 was based on this assumption. In the main conversion route of N, for 
denitrification to occur, it is necessary that nitrification occurs first (there are other 
routes not covered in this book). 

The accumulated knowledge and operational experience in this area is already 
high, and the designs can be made witha satisfactory degree of reliability. Presently, 
research efforts are made mainly to understand the interaction among the various 
microorganisms involved and how they affect plant operation (e.g., sedimentation), 
as well as to produce reliable mathematical models for the process, mainly in the 
case of phosphorus. 
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The design of BNR systems is dealt with in Chapter 7. It should be noted that 
the aim of this chapter is only to introduce the main aspects of BNR, and not to 
discuss it thoroughly, because of the wide amplitude of the theme. The books by 
Barnes and Bliss (1983), WRC (1984), Sedlak (1991), Randall et al. (1992), EPA 
(1987b, 1993) and Orhon and Artan (1994) and the reports by the International 
Water Association (IAWPRC, 1987; IAWQ, 1995, ITWA, 2000) are excellent and 
specific literature on biological nutrient removal. 


6.2 NITROGEN IN RAW SEWAGE AND MAIN 
TRANSFORMATIONS IN THE 
TREATMENT PROCESS 


The nitrogen present in raw sewage, as well as the processes that occur in interaction 
with the biomass, can be characterised as illustrated in Figure 6.1. 


SUBDIVISIONS AND TRANSFORMATIONS OF THE NITROGENOUS MATTER 


BIOMASS NITROGENOUS 
MATTER 
| 
organic 
nitrogen 
| 
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Figure 6.1. Subdivisions and transformations of the nitrogenous matter in the activated 
sludge process 
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(a) Characterisation of the nitrogenous matter 


The inorganic nitrogenous matter is represented by ammonia, both in a 
free (NH3) and in an ionised form (NH,*). In reality, ammonia is present 
in the influent wastewater due to the fact that hydrolysis and ammonifica- 
tion reactions begin in the collection and interception sewerage system, as 
described below. Ammonia is used by the heterotrophic and autotrophic 
bacteria. 

The organic nitrogenous matter is also divided, in a similar way to the 
carbonaceous matter, into two fractions in terms of its biodegradability: 
(a) inert and (b) biodegradable. 

Inert. The inert fraction is divided into two fractions, based on its 

physical state: 

e Soluble. This fraction is usually negligible and can be disregarded. 

e Particulate. This fraction is associated with the non-biodegradable 
carbonaceous organic matter, involved in the biomass and removed 
with the excess sludge. 

e Biodegradable. The biodegradable fraction can be subdivided into the 
following components: 

e Rapidly biodegradable. The quickly biodegradable nitrogenous 
organic matter is found in a soluble form, and is converted by 
heterotrophic bacteria into ammonia, through the process of 
ammonification. 

e Slowly biodegradable. The slowly biodegradable nitrogenous 
organic matter is found in a particulate form, being converted into 
a soluble form (quickly biodegradable) through hydrolysis. This 
hydrolysis takes place in parallel with the hydrolysis of the 
carbonaceous matter. 


(b) Characterisation of the biomass 


The active biomass is responsible for the biological degradation. In terms of 
the carbon source, the biomass can be divided into (a) heterotrophic and (b) 
autotrophic: 


Heterotrophic active biomass. The source of carbon of the heterotrophic 
organisms is the carbonaceous organic matter. The heterotrophic biomass 
uses the rapidly biodegradable soluble carbonaceous matter. Part of the en- 
ergy associated with the molecules is incorporated into the biomass, while 
the rest is used to supply the energy for synthesis. In aerobic treatment, the 
growth of the heterotrophic biomass occurs in aerobic (use of oxygen as 
electron acceptors) or anoxic (absence of oxygen, with the use of nitrate 
as electron acceptors) conditions. This growth is very low in anaerobic 
conditions (absence of oxygen and nitrate). Heterotrophic bacteria use the 
nitrogen in the form of ammonia for synthesis (in aerobic and anoxic con- 
ditions) and the nitrogen in the form of nitrate as an electron acceptor 
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(in anoxic conditions). The decay of the heterotrophic biomass also gen- 
erates, besides the inert residue, carbonaceous and nitrogenous matter of 
slow degradation. This material needs to subsequently undergo a hydroly- 
sis process to become a rapidly biodegradable matter, which can be used 
again by the heterotrophic and autotrophic biomass. 

e Autotrophic active biomass. The source of carbon for the autotrophic or- 
ganisms is carbon dioxide. The autotrophic biomass uses ammonia as an 
energy source (they are chemoautotrophic organisms, that is, that use in- 
organic material as an energy source). Under aerobic conditions, these 
bacteria use ammonia in the nitrification process, in which ammonia is 
converted into nitrite and subsequently into nitrate. Similar to that for the 
heterotrophic organisms, the decay of the autotrophic biomass also gen- 
erates, besides the inert residue, carbonaceous and nitrogenous matter of 
slow degradation. This material needs to subsequently undergo a hydroly- 
sis process to become a rapidly biodegradable material, which can be used 
again by the heterotrophic and autotrophic biomass. 


The inert residue is formed by the decay of the biomass involved in the waste- 
water treatment. Biomass decay can occur by the action of several mechanisms, 
which include endogenous metabolism, death, predation and others. As a result, 
products of slow degradation are generated, as well as particulate products, which 
are inert to biological attack. 

As mentioned, the microorganisms involved in the nitrification process are 
chemoautotrophs, for which carbon dioxide is the main source of carbon, and en- 
ergy is obtained through the oxidation of an inorganic substrate, such as ammonia, 
into mineralised forms. 

The transformation of ammonia into nitrites is accomplished by bacte- 
ria, such as those from the genus Nitrosomonas, according to the following 
reaction: 


Nitrosomonas 


2NH,*-N + 30. ———>2NO,_-N + 4H* + 2H,0 + Energy 
(6.1) 


The oxidation of nitrites into nitrates occurs by the action of bacteria, such as 
those from the genus Nitrobacter, expressed by: 


Nitrobacter 


2NO, -N + O ——>2NO; -N + Energy (6.2) 
The overall nitrification reaction is the sum of Equations 6.1 and 6.2: 


NH,*-N + 20) —> NO3~-N+ 2H* + HO + Energy (6.3) 
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In reactions 6.1 and 6.2 (as well as in the overall reaction 6.3), the following 
points should be noted: 


e consumption of oxygen. This consumption is generally referred to as ni- 
trogenous demand 

e release of H* , consuming the alkalinity of the medium and possibly reduc- 
ing the pH 


The energy liberated in these reactions is used by the nitrifying microorganisms 
in the synthesis of organic compounds from inorganic carbon sources, such as 
carbon dioxide, bicarbonate and carbonate. Therefore, nitrification is intimately 
associated with the growth of nitrifying bacteria (Barnes and Bliss, 1983). 

The growth rate of the nitrifying microorganisms, mainly Nitrosomonas, is 
very slow, and much lower than that of the microorganisms responsible for the 
conversion of the carbonaceous matter. Thus, in a biological treatment system 
where nitrification is desired, the mean cell residence time, or sludge age, should 
be such that it enables the development of the nitrifying bacteria, before they are 
washed out from the system. The system is controlled, therefore, by the organ- 
ism with the slowest growth rate, in this case, Nitrosomonas. The bacteria of the 
Nitrobacter genus have a faster growth rate and, for this reason, there is practically 
no accumulation of nitrites in the system. 

In anoxic conditions (absence of oxygen but presence of nitrates), the nitrates 
are used by heterotrophic microorganisms as electron acceptors, as a replacement 
for oxygen. In this process named denitrification, the nitrate is reduced to gaseous 
nitrogen, according to the following reaction: 


2NO; -N + 2H* — Np + 2.50) + H20 (6.4) 


In the denitrification reaction the following should be noted: 


e economy of oxygen (the organic matter can be stabilised in the absence of 
oxygen) 

e consumption of H* , implying savings in alkalinity and an increase in the 
buffer capacity of the medium 


When representing stoichiometric relations, the difference between, for exam- 
ple, NH4t and NH4*-N, should be clearly distinguished. The first form expresses 
the concentration of the ammonium ion, while the second represents the nitrogen 
in the form of the ammonium ion. The molecular weights vary, as shown below: 


NHg?t : molecular weight = 18 g/mol 
NH4*-N : molecular weight = 14 g/mol (= molecular weight of N) 


The second form is more convenient because it allows comparisons among 
relations, based always on nitrogen, irrespective of whether it is in the organic, 
ammonia, nitrite or nitrate forms. In this book, including the equations and chem- 
ical reactions, the use of the second concept is implied, that is, the nitrogen forms 
are expressed, in terms of mass, as nitrogen. 
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6.3 PRINCIPLES OF NITRIFICATION 
6.3.1 Kinetics of nitrification 


The growth rate of the nitrifying bacteria can be expressed in terms of Monod’s 

relation as follows: 
= ae (6.5) 

H = Umax Es ae NH,t+ a 
where: 
u = specific growth rate of the nitrifying bacteria (d7!) 
Umax = Maximum specific growth rate of the nitrifying bacteria (d7!) 
NH,* = ammonia concentration, expressed in terms of nitrogen (mg/L) 
Ky = half-saturation constant (mg/L) 


For further details concerning Monod’s kinetics, see Chapter 8. For simplifi- 
cation purposes in the model structure, nitrification is assumed to take place in 
a single stage (ammonia-nitrate), instead of two stages (ammonia-nitrite, nitrite- 
nitrate). Typical values of the kinetic and stoichiometric coefficients for the unified 
nitrifying biomass are shown in Table 6.1. 

The value of Ko (oxygen) in Table 6.1 can be explained by the fact that oxygen 
is also a limiting factor in the growth of nitrifying bacteria, and could also be 
expressed by Monod’s relation (see Section 6.3.2.c). O is the temperature coefficient 
for the correction of the growth rate of the nitrifying bacteria (see Section 6.3.2.a). 
Yn is the yield coefficient, which indicates the mass of nitrifying bacteria that is 
produced per unit mass of ammonia used (see Section 6.3.4). Kg is the bacterial 
decay coefficient and is frequently ignored in modelling, because of its low value 
and the fact that most of the growth rates reported in the literature have been 
calculated without taking Kg into account (Randall et al., 1992; EPA, 1993). 

Frequently, ammonia is replaced in stoichiometric relations by TKN (total 
Kjeldahl nitrogen), assuming that the organic nitrogen will be transformed into 


Table 6.1. Typical values of the kinetic and stoichiometric coefficients for nitrification 
(unified nitrifying biomass) 


Coefficient Unit Wider range Typical range or value 

Hmax(20 °C) d! 0.3-2.2 0.3-0.7 

Kw (ammonia) mgNH,*/L 0.1-5.6 0.5-1.0 

Ko (oxygen) mgO,/L 0.3-2.0 0.4-1.0 

0 — 1.08-1.13 1.10 

Yn mg cells/mgNH,* 0.03-0.13 0.05-0.10 
oxidised 

Ka dr! 0.04-0.16 x0 


Source: Arceivala (1981), Barnes and Bliss (1983), Sedlak (1991), Randall et al. (1992), EPA (1993) 
and Orhon and Artan (1994) 
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ammonia in the treatment line and that, for this reason, the influent TKN will be a 
good representation of the ammonia available for the nitrifying bacteria. The con- 
version of organic nitrogen into ammonia is nearly total, even with reduced sludge 
ages. This adaptation is used mainly when calculating oxygen (Section 6.3.5) and 
alkalinity (Section 6.3.6) requirements, leading to safer estimates. 


Example 6.1 


Calculate the growth rate of the nitrifying bacteria in a complete-mix reactor 
based on the following data: 


e Desired effluent TKN = 2.0 mg/L (this concentration will also be prevalent 
in the whole reactor, since there are complete-mix conditions) 

° Umax = 0.5 d`! (adopted — Table 6.1) 

e Ky = 0.7 mg/L (adopted — Table 6.1) 


Solution: 


According to Equation 6.5, the growth rate of the nitrifying bacteria, under 
ideal conditions and at a temperature of 20 °C, is: 


NH,* 2.0 P 
E a a E 
=e loa | E 


Thus, the specific growth rate with the TKN concentration in the reactor of 
2.0 mg/L is 0.37 d7!. If the TKN in the reactor were still lower, for example 
1.0 mg/L, u would be still more reduced, and reach 0.29 d-!. The lower the 
u, the greater the sludge age should be, so that the nitrifying organisms would 
have conditions to develop without being washed out from the system. In this 
example, an arbitrary concentration of effluent TKN was selected, without 
taking into consideration the influent TKN. The removal of TKN according to 
the operational conditions in the reactor is discussed in Section 6.3.4. 


6.3.2 Environmental factors of influence on nitrification 


The following environmental factors influence the growth rate of the nitrifying 
organisms and, as a consequence, the oxidation rate of ammonia: 


e temperature 

e pH 

e dissolved oxygen 

e toxic or inhibiting substances 


(a) Temperature 


Temperature significantly affects the maximum growth rate (Hmax) of the nitrify- 
ing organisms. According to Downing (1978), the effect of temperature can be 
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Hmax (T) = Hmax (20º g8 (6.6) 


where: 
Hmax(r) = Maximum growth rate at a temperature T (d7!) 
9 = temperature coefficient 
T = temperature (°C) 


The temperature coefficient O is reported in a range from 1.08 to 1.13, and the 
value of 1.10, supported by a large number of data, seems reasonable (Barnes and 
Bliss, 1983). Thus, for each increment of approximately 7 °C in the temperature, 
the growth rate doubles and, conversely, each drop of 7 °C implies a reduction in 
the growth rate by half. 

The half-saturation coefficients Ky and Ko also increase with an increase in 
temperature, although the data available in the literature are not conclusive. EPA 
(1993) and Orhon and Artan (1994) suggest adopting a constant value for the 
half-saturation coefficients, irrespective of the temperature. 

The occurrence of nitrification was observed in a range from 5 to 50 °C, but the 
optimal temperature is in the order of 25 to 36 °C (Arceivala, 1981; Barnes and 
Bliss, 1983). 


(b) pH 


According to Downing (1978), the nitrification rate is at its optimal and approxi- 
mately constant in the pH range from 7.2 to 8.0. Below 7.2, max decreases with 
pH according to the following relation: 


Hmax(pH) = Hmaxl | = 0.83(7.2 > pH)] (6.7) 


where: 
Lmax(pH) = Maximum growth rate of the nitrifying bacteria for a given pH (d” 1) 
Umax = Maximum growth rate of the nitrifying bacteria at a pH of 7.2 (d7!) 


Equation 6.7 has a validity range of pH from 6.0 to 7.2. For a stable performance, 
it is advisable to maintain the pH in the range from 6.5 to 8.0 (EPA, 1993). 

It is important to know that nitrification is responsible for the decrease of pH 
and generates H* as a final product (see Equation 6.3 and Section 6.3.6). The 
decrease of the pH is a function of the buffer capacity of the medium or, in other 
words, of its alkalinity. This aspect can be of great importance for the adequate 
nitrification performance in an activated sludge system. 


(c) Dissolved oxygen 


Dissolved oxygen in the reactor is an indispensable pre-requisite for the occur- 
rence of nitrification. It seems that the critical DO concentration, below which no 
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nitrification is expected to occur, is around 0.2 mg/L (Barnes and Bliss, 1983). 
However, higher values should be maintained in the aeration tank to ensure that, 
in points where oxygen access is more difficult, such as inside the activated sludge 
flocs, a higher than critical concentration is maintained. Downing (1978) recom- 
mends that the DO concentration in the reactor should not be reduced to less than 
0.5 mg/L. However, EPA (1993) recommends that a minimum DO of 2.0 mg/L is 
specified to avoid problems with the influent ammonia peaks. 

The effect of the DO concentration on the specific growth rate can also be 
represented by Monod’s kinetics, as follows: 


o DO 68 
U= Umax’ Feed (6.8) 


where: 
DO = dissolved oxygen concentration in the reactor (mg/L) 
Ko = half-saturation constant for oxygen (mg/L) (see Table 6.1) 


The presence of oxygen is more important to nitrification than it is to the removal 
of carbonaceous matter. In the removal of the carbonaceous matter, the absorption 
phase, which precedes metabolism, can store energy in some way until oxygen 
becomes available again. In contrast, nitrification ceases the moment oxygen is 
reduced below the critical level. On the other hand, nitrification resumes very fast 
as soon as DO rises. 


(d) Toxic or inhibiting substances 


Toxic substances can seriously inhibit the growth of nitrifying bacteria, mainly 
Nitrosomonas, which are more sensitive. A large list of inhibiting substances and 
products, expressed in terms of the percentage inhibition that they cause, is known. 
The references Sedlak (1991), Randall et al. (1992) and EPA (1993) provide lists 
including several of these compounds. 

One of the aspects to be analysed in the planning ofa WWTP receiving industrial 
effluent is the possible influence of these on nitrification. A pre-treatment in the 
industry may be often necessary. 


Example 6.2 


Calculate the specific growth rate of the nitrifying bacteria, according to the data 
from Example 6.1 (tax = 0.5 d”!), and under the following environmental 
conditions: 


e temperature: T= 20°C 

e pH=6.9 

e DO=2.0 mg/L 

e absence of toxic or inhibiting substances 
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Example 6.2 (Continued) 
Solution: 
(a) Effect of ammonia concentration 


Umax = 0.50 d7! 
u = 0.37 d”! (calculated in Example 6.1) 


correction factor = 0.37/0.50 = 0.74 (reduction of 26%) 


Umax 
(b) Temperature 
According to Equation 6.6 and using O = 1.10: 


Eat = Maço o 0 = 0.50 x 1.1020% = 0.50 d7! 


Hmaxcorrection factor = 0.50/0.50 = 1.00 (reduction of 0%) (unchanged, 
because the temperature is the same as the standard temperature) 


(c) pH 
According to Equation 6.7: 
Hmax (pH) = Hmax[1 — 0.83 (7.2 — pH)] = 0.5 x [1 — 0.83 x (7.2 — 6.9)] 
= 0.38 
Umax correction factor = 0.38/0.50 = 0.76 (reduction of 24%) 


(d) Dissolved oxygen 
According to Equation 6.8 and Table 6.1: 


E DO Tn OO Dim 
H= Kma | go +D0| [06420] * 


Hmax correction factor = 0.38/0.50 = 0.76 (reduction of 24%) 
(e) Combined effect of the environmental conditions 
Multiple correction factor: 

0.74 x 1.00 x 0.76 x 0.76 = 0.43 


The specific growth rate of the nitrifying bacteria under these environmental 
conditions is 43% of the maximum rate (u = 0.43 Umax). Under these environ- 
mental conditions, u is: 


u = 0.43 X Umax = 0.43 x 0.50 = 0.22 d7! 
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Table 6.2. Minimum sludge age required for nitrification 


Temperature of the liquid Minimum 0. for complete 
in the reactor (°C) nitrification (days) 
5 12 
10 95 
15 6.5 
20 35 


Source: Arceivala (1981) 


6.3.3 Sludge age required for nitrification 


As mentioned, the reproduction rate of the nitrifying organisms is much smaller 
than that of the heterotrophic organisms responsible for the stabilisation of the 
carbonaceous matter. This suggests that the concept of sludge age is extremely 
important for nitrification to be achieved in the activated sludge process. 

Nitrification will happen if the sludge age is such that it will allow the devel- 
opment of the nitrifying bacteria before they are washed out of the system. The 
sludge age is the reciprocal of the specific growth rate in an activated sludge system 
in equilibrium (8, = 1/4). As the growth rate of the nitrifying bacteria is lower 
than that of the heterotrophic bacteria, the sludge age should be equal to or higher 
than the reciprocal of their growth rate to allow the nitrifying bacteria to develop, 
that is: 


1 
HN 


O > (6.9) 


Thus, ifthe specific growth rate of the nitrifying bacteria is known, a minimum 
sludge age can be established to ensure proper nitrification. 

Arceivala (1981) proposes that, for sewage without any specific inhibiting fac- 
tors, the minimum sludge age values presented in Table 6.2 should be considered. 

The required sludge age can also be calculated, if data are available, based on 
the value of u determined according to the prevalent environmental conditions in 
the reactor, as described in the previous section and illustrated in Example 6.3. 

Some authors still recommend including a safety factor in the order of 1.5 to 2.5 
to cover the peaks in influent ammonia load and other unexpected environmental 
variations. 


Example 6.3 


Calculate the minimum sludge age required for nitrification to occur in the 
system described in Example 6.2. Data: u = 0.22 d”! (as calculated in Exam- 
ple 6.2). 


Solution: 
According to Equation 6.9: 


1 
= — = 45d 


TE 
un 0.22 
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Example 6.3 (Continued) 


Thus, a minimum sludge age of 4.5 days is required to ensure full nitrifica- 
tion. With a design safety factor of 1.5, the recommended sludge age will be 
4.5 x 1.5 = 6.8 days. 

For comparison purposes, if the temperature of the liquid were 10 °C 
(common in temperate-climate countries), the correction factor for the tem- 
perature would decrease from 1.00 (see Example 6.2) to 0.39. The overall 
correction factor would be 0.17 and the specific growth rate 0.5 x 0.17 = 
0.09 d”!. In these environmental conditions, the minimum sludge age required 
would be 1/0.09 = 11.1 days, which, with a design safety factor of 1.5, would 
rise to 16.7 days. The great influence of a non-controllable variable, such as 
the temperature, on nitrification is observed, thus requiring larger sludge ages 
in cold climates. In tropical countries, the high temperatures greatly facili- 
tate nitrification, which takes place almost systematically, even in conventional 
activated sludge systems, with a reduced sludge age. 


6.3.4 Nitrification rate 


Once the growth of the nitrifying bacteria is ensured by using a satisfactory sludge 
age based on the specific growth rate, it becomes necessary to calculate the ni- 
trification rate, that is, the rate at which ammonia is converted into nitrate. The 
nitrification rate is a function of the mass of nitrifying organisms present in the 
aerated zones of the reactor and can be expressed as follows: 


ATKN/At = (unitary nitrification rate) x (concentration of nitrifying bacteria) 


ATKN /W 
Se | NX 6.10 
TAN (18) 19 


where: 
ATKN/At = nitrification rate (oxidised gTKN/m?-d) 
uy = specific growth rate of the nitrifying bacteria, determined based 
ON [max and the environmental conditions (d7!) 
Yn = yield coefficient of the nitrifying bacteria (gXn/gTKN) 
Xn = concentration of the nitrifying bacteria in the aerated zones of 
the reactor (g/m?) 


Usually, it is preferable to express the concentration of the nitrifying bacteria 
in terms of the volatile suspended solids in the reactor. Therefore, it is necessary 
to determine which fraction of VSS is represented by the nitrifying bacteria. The 
fraction of nitrifying bacteria in the VSS (fy) can be estimated through the relation 
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between the growth rates (Barnes and Bliss, 1983): 


growth rate of nitrifying bacteria (g@Xy/m?>-d) 


fy = 
È growth rate of the total biomass (heterotrophs and nitrifiers) (gVSS/m?-d) 


_ AXy/At 


Sa (6.11) 


N 


The denominator of Equation 6.11 is the VSS production (Px,) and can be 
calculated by: 


AXy Xy 


6.12 
At de we 


The numerator of Equation 6.11, relative to the production of the mass of 
nitrifying bacteria, can be expressed as: 


AXN 
At 


= YN E [TKNremoved = TK Nincorporated in excess didgs | = Yn-TRNoxidised 


(6.13) 


The yield coefficient (Yy) can be obtained from Table 6.1. 

The fraction of TKN incorporated into the excess sludge is 12% of the VSS 
mass produced per day (N is 12% in mass of the composition of the bacterial cell, 
represented by CsH7NO2; molecular weight of N = 14 g/mol; molecular weight of 
CsH;NO, = 5 x 12+7x1+1~x 144+2x 16 = 113 g/mol; 14/113 = 0.12 = 
12%). In Section 2.17 (Nutrient Requirements), a more advanced formula is pre- 
sented for the estimation of the TKN fraction in the excess sludge, and the value of 
10% was used in the example of Chapter 5. The three approaches lead to similar 
results. For the purposes of this section, the value of 12% is used. 

The TKN to be removed corresponds to the product of the flowrate multiplied 
by the difference between the influent and effluent TKN. Thus, Equation 6.11 can 
be finally presented as follows: 


_ Yn: [Q(TKNo — TKNe) — 0.12:V-(AXy/At)] 
= V-(AXv/At) 


fy (6.14) 


where: 
Q = influent flow (m?/d) 
TKN, = influent TKN to the reactor (g/m*) 
TKN, = effluent TKN from the reactor (g/m?) 
V = total volume of the reactor (m?) 


Once the fraction fy is known, the mass of nitrifying bacteria can be expressed 
in terms of the total biomass (X,). 


Principles of biological nutrient removal 135 


The nitrification rate can then be expressed as follows: 


ATKN Xv-HN 3 
= fy -dd 6.15 
X N (g/m'-d) (6.15) 
The TKN load oxidised per day is: 
Vaer ATKN 
LIKN = . kg/d 6.16 
TKN 103 At (kg/d) ( ) 


where: 
Lrxn = load of oxidised TKN (kg/d) 
Vaer = volume of the aerated zone of the reactor (m?) 


Example 6.4 


Calculate the nitrification rate based on the conventional activated sludge 
system data provided in the example of Chapter 5 and on the environmental 
conditions of Examples 6.1 and 6.2, that is: 


e Q=9,820 m3/d 

e V=2,051 m? 

e Ver = 2,051 m?/d (the reactor is totally aerobic without anoxic zones) 

e 6=6d 

* Xy = 3,000 gm? 

e Influent TKN to the reactor = 40 g/m? (after the primary sedimentation 
tank, where a removal of 20% was assumed) 

e Effluent TKN = 2 g/m? (desired) 

e T=20°C 

e u= 0.22d7! (calculated in Example 6.2) 

e Yn = 0.08 gXn/gXy (Table 6.1) 


Solution: 
(a) Analysis of the sludge age 


Considering the environmental conditions of Examples 6.1 and 6.2, the min- 
imum sludge age required for nitrification is 4.5 d (as calculated in Exam- 
ple 6.3). In this example, 0, is equal to 6 d, which ensures the development of 
nitrifying bacteria. The safety factor for the sludge age is 6.0/4.5 = 1.33. 


(b) Production of solids 


The production of VSS in the reactor (AXv/At), even though it has already 
been determined in the example of Chapter 5, can be calculated using Equa- 
tion 6.13: 

AXy Xv 3,000 


3 
a oe = 500gVSS/m”-d 
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Example 6.4 (Continued) 
The load of VSS produced is: 


Pxy = (500 gVSS/m?-d) x (2051 m3) = 1,025,500 gVSS/d 


(c) Fraction of nitrifying bacteria fy 
TKN to be removed = Q.(TKN, — TKN.) = 9820 x (40 — 2) = 373,160 g/d 


TKN incorporated into the excess sludge = 0.12-V-(AXy/At) 
= 0.12 x 2051 x 500 =123,060 g/d 


TKN to be oxidised = 373,160 — 123,060 = 250,100 g/d 


According to Equation 6.13, the production of nitrifying bacteria is: 
AXn/At = Yn. TKNoxidised = 0.08 x 250,100 = 20,008gXn/d 


The fraction fy can then be calculated as the quotient between the production 
of Xy and the production of Xy (Equation 6.11): 


20,008 


= 7 o ex 
1,025,500 8Xn/8Xv 


N 


The fraction fy can also be calculated directly using Equation 6.14: 


Yn: [Q-((TKNo — TKN.) — 0.12:-V-(AXy/At)] 


fy = 


V- (AXy/At) 
0.08 x [9,820 x (40 — 2) — 0.12 x 2,051 x 500] 
= 2,051 x 500 
0.08 x (373,160 — 123,060) 20,008 
~ 1,025,500 ~ 1,025,500 


In this case, the nitrifying bacteria represent 2.0% of the total biomass 
(expressed as volatile suspended solids). 
(d) Nitrification rate 


According to Equation 6.15, the nitrification rate is given by: 


ATKN . Xv-tin 3,000 x 0.22 : 
= fe = 0.020 x 2" CE = 165 gTKN/m?-d 
At N Yy * 0.08 eee 
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Example 6.4 (Continued) 
The TKN load capable of being oxidised is (Equation 6.16): 


Var ATKN _ 2,051 
103 At — 1,000 


Lrkn = x 165 = 338kgTKN/d 


(e) Comments 


In the conditions assumed, the TKN load capable of being oxidised in the system 
(nitrification capacity) is 338 kg/d, much higher than the load available to be 
oxidised, which is 250 kg/d (see item (c)). Thus, nitrification will be complete, 
all the available load will be oxidised and the TKN effluent concentration is 
expected to be less than 2 g/m?, which was initially assumed. Given the degree 
of uncertainty in several design input data and considering that 2 g/m? is already 
sufficiently low and close to zero, there is no need to redo the calculations, for 
a new lower effluent TKN concentration. 
In summary, the mass balance is: 


e TKN load to be removed: 373 kg/d 
e TKN load incorporated into the excess sludge: 123 kg/d 
e TKN load oxidised (nitrified): 250 kg/d 


If the nitrification capacity was smaller than the load to be oxidised, the non- 
removed load should be calculated and, accordingly, the effluent concentration. 
For example, if the load capable of being oxidised (Lrkn) were 150 kg/d, the 
non-oxidised load would be: 250 — 150 = 100 kg/d. For a flow rate of 9,820 
mê/d, the effluent concentration would be 100/9,820 = 0.010 kgTKN/m? = 
10 gTKN/mº. Since this value is much higher than the 2 g/m? initially assumed, 
the growth rate calculations in Examples 6.1, 6.2, 6.3 and 6.4 should be redone 
until a satisfactory convergence is obtained. 

In extended aeration systems, due to the larger sludge age, the sludge pro- 
duction is lower and the withdrawal route of TKN in the excess sludge is also 
smaller. On the other hand, the nitrification capacity can be higher due to the 
larger sludge age. 


6.3.5 Oxygen requirements for nitrification 


From the overall nitrification reaction (Equation 6.3), it can be seen that 1 mol of 
ammonia-N requires 2 moles of oxygen for its oxidation, that is, 4.57 kgO; are 
required for 1 kg of N (MW of N = 14 g/mol; MW of O, = 64 g/mol; 64/14 = 
4.57). In summary: 


oxidation of 1 mgNH4*-N/L consumes 4.57 mgO,/L 
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The O, required for the nitrification in an activated sludge system is therefore: 


O» required (KgO2/d) = 4.57 (kgO2/kgTKN) x TKN oxidised (KETKN/d) 


(6.17) 


The determination of the load of oxidised TKN was discussed in Section 6.3.4. 

In the design example of Chapter 5 it was assumed for simplicity that the load 
of influent TKN would be totally oxidised. This was done due to the fact that the 
concepts of nitrification had still not been introduced in that chapter. However, the 
approach described in this section is preferable and should be adopted. 

In terms of demand, the O, consumption for nitrification corresponds to a 
significant fraction of the overall oxygen requirement, which includes the oxidation 
of the carbonaceous and nitrogenous material. 


Example 6.5 


Calculate the O, requirements for nitrification based on the data included in 
Example 6.4. The relevant data are: oxidised TKN = 250 kg/d. 


Solution: 
According to Equation 6.17: 
Od required (KZO2/d) = 4.57 (kgO2/kgTKN) x TKN oxidisea (KETKN/d) 
= 4.57 x 250 = 1,143 kgO2/d 

For comparison purposes, the value calculated in the example in Chapter 
5, for conventional activated sludge, was 1,344 kgO,/d, 18% higher than the 
value calculated in this example. The preferable value to be adopted is that in 
this example (1,143 kgO>/d), since it has been calculated using a method that 
takes into consideration a larger number of interacting factors. In the examples 


in question, the difference in the overall O; requirements according to the two 
approaches is, however, small (7%). 


6.3.6 Alkalinity requirements for nitrification 


When analysing the overall nitrification reaction (Equation 6.3), it is observed that: 


oxidation of 1 mol of NH4! -N produces 2 moles of Ht 


It is known that in sewage, due to the presence of alkalinity, H* will not generate 
acidity directly, and the buffering bicarbonate — carbon dioxide system will be 
activated: 


H* + HCO;” <> H20 + CO) (6.18) 
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Thus, each mol of Ht consumes 1 mol of HCO;” (bicarbonate). Therefore, the 
2 moles of H* generated in nitrification will consume 2 moles of HCOs”, that is, 
in the end, the oxidation of 1 mol of NH4* implies the consumption of 2 moles of 
HCO; ~. In terms of concentration, one has: 


1 mol NH4t-N — 2 moles HCO37 or 
14 mgNH,+-N/L > 122 mgHCO;~/L or 
1 mgNH4t-N/L — 8.7 mgHCOs /L 


Alkalinity is given by (Schippers, 1981): 
D 24, l a à z 
alkalinity = 100: | [COs* | + > [HC0;-] + + [OH] (6.19) 


(concentrations in millimoles) 
In the usual pH range, the terms corresponding to OH” and CO3*~ may be 
ignored. Hence, the alkalinity, after conversion to mg/L, is simply given by: 


HCOs” 
1.2 


alkalinity = (6.20) 


where: 
HCO;” = bicarbonate concentration (mg/L) 


Consequently, 8.7 mgHCO3~ /L corresponds to 8.7/1.2 = 7.1 mg/L ofalkalinity. 
In other words: 


oxidation of 1 mgNH,*-N/L consumes 7.1 mg/L of alkalinity 


The decrease in alkalinity and, as a result, the decrease in the buffer capacity 
of the mixed liquor favour subsequent pH reductions. The consequence of this, 
which justifies this whole analysis, is that the nitrification rate will be reduced, as 
it is dependent on pH (see Section 6.3.2.b). Depending on the alkalinity of the 
raw sewage, it may be necessary to add some alkaline agent (100 mgCaCO3/L of 
alkalinity are equivalent to 74 mg/L of Ca(OH) — hydrated lime). The alkalinity 
usually available in raw sewage is in the order of 100 to 250 mgCaCO3/L. 


Example 6.6 


Calculate the alkalinity requirements based on data from Example 6.4. Assume 
that the alkalinity of the raw sewage is 150 mg/L. Other relevant data are: 


Oxidised TKN = 250 kg/d 
Average inflow rate: Q = 9,820 m?/d 


140 Activated sludge and aerobic biofilm reactors 


Example 6.6 (Continued) 
Solution: 
(a) Alkalinity requirements 


Knowing that 1 mgTKN/L implies a consumption of 7.1 mg/L of alkalinity, the 
alkalinity load required is: 


kg alkalinit kgTKN 
alkalinity load required = 7.1-8 ECN x 250 SDS = 1,775 kgCaCO,/d 
kgTKN 
(b) Available alkalinity in the influent 
The available alkalinity load in the influent is: 
A 1 kg 


= 1,473 kgCaCO,/d 


available alkalinity load = 9,820 x 150 E x 
d m 10° g 


(c) Comments 


The available alkalinity load is lower than that required, and there is a deficit of 
1,775 — 1,473 = 302 kgCaCOs/day. This will lead to a reduction in the nitrifi- 
cation rate, due to the resulting decline in the pH. For this reason, nitrification 
may not be complete, which will in its turn result in a decrease in the required 
alkalinity load, with a point of balance being reached. 

If nitrification is to be achieved according to the conditions specified in the 
previous examples, there are two possible solutions: (a) to stimulate denitrifi- 
cation to take place in the system to reduce alkalinity requirements (see Section 
6.4.2) or (b) to add an alkaline agent, lime for instance. 

If lime is added, the consumption will be (knowing that 100 mgCaCO3/L of 
alkalinity is equivalent to 74 mg/L of Ca(OH) — hydrated lime): 


li ü 74 kgCa(OH), 302 kgCaCO, 
ime consumption = ——————= x 302 ——__+ 
p 100 kgCaCO, d 
= 223 kgCa(OH), per day 


6.4 PRINCIPLES OF BIOLOGICAL DENITRIFICATION 
6.4.1 Preliminaries 


As seen in other chapters in this book, under aerobic conditions the microorgan- 
isms use the oxygen as “electron acceptors” in the respiration processes. In these 
conditions, there is a process of oxidation of the organic matter, in which the 
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following reactions take place (simplified analysis): 


Hy — 2H? + 2e7 (hydrogen is oxidised, that is, gives out electrons) (6.21) 
O, + 4e7 — 2027 (oxygen is reduced, that is, gains electrons) (6.22) 


Therefore, the oxygen is the electron acceptor in the processes of aerobic respi- 
ration. However, in the absence of oxygen, there is a predominance of organisms 
that have the capacity to use other inorganic anions as electron acceptors, such 
as the nitrates, sulfates and carbonates. The first to be used will be that which is 
available in the medium and whose reaction releases the largest amount of energy. 
In sewage treatment, both of these requirements can be satisfied by the nitrates, 
which are generated by the nitrification process. Thus, in conditions of total de- 
pletion of dissolved oxygen, the microorganisms start to use the nitrates in their 
respiration. Such conditions are not properly anaerobic, but are named anoxic. A 
simple distinction among the three conditions is: 


e aerobic conditions: presence of oxygen 

e anoxic conditions: absence of oxygen, presence of nitrate 

e anaerobic conditions: absence of oxygen and nitrates, presence of sulphates 
or carbonates 


Denitrification corresponds to the reduction of nitrates to gaseous nitrogen. The 
main route for biological denitrification starts with the nitrates, and this is the reason 
why in sewage treatment denitrification should be preceded by nitrification. The 
microorganisms involved in denitrification are facultative heterotrophic and are 
usually abundant in domestic sewage; examples are Pseudomonas, Micrococcus 
and others (Arceivala, 1981). 

For denitrification to occur, the heterotrophic microorganisms require a source 
of organic carbon (electron donor), such as methanol, that can be added artificially 
or be available internally in the domestic sewage. For the organic carbon in the 
sewage, the denitrification reaction is (Arceivala, 1981): 


CsH7NO2 + 4NO3° — S5CO2 + 2N2 + NH; + 40H (6.23) 


In the reaction above, Cs;H7NO, corresponds to the typical composition of 
the bacterial cell. Including assimilation, the consumption is approximately 3 
mgCsH;NO,/mgNOs”-N, or approximately 4.5 mgBODs;/mgNO3~-N. As most 
of the domestic sewage has a BODs:N ratio that is larger than that mentioned, the 
use of internally available carbon becomes an attractive and economic method of 
achieving denitrification (Arceivala, 1981). However, it should be remembered 
that, depending on the location in the treatment line, most of the BOD will 
have already been removed, thus reducing the availability of organic carbon for 
denitrification. 
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6.4.2 Reasons for and advantages of intentionally induced 
denitrification in the treatment system 


In activated sludge systems where nitrification occurs, it is interesting to include a 
denitrification stage to be intentionally accomplished in the reactor. This intentional 
denitrification is made possible through the incorporation of anoxic zones in the 
reactor, as detailed in Chapter 7. The reasons are usually associated with some of 
the following aspects: 


e economy of oxygen (savings on energy) 

e reduced alkalinity requirements (preservation of the buffer capacity of the 
mixed liquor ) 

e operation of the secondary sedimentation tank (to avoid rising sludge) 

e control of nutrients (eutrophication) 


(a) Economy of oxygen 


A great advantage of intentional denitrification taking place in the activated sludge 
system is that the oxygen released by nitrate reduction can become immediately 
available for the biological oxidation of the organic matter in the mixed liquor. 
The release of oxygen through the reduction of nitrates occurs according to the 
denitrification reaction (Equation 6.4, described in Section 6.2): 


2NO3~-N + 2H* — No + 2.502 + H20 (6.4) 


Thus, each 2 moles of nitrate release 2.5 moles of oxygen, that is: 
the reduction of 1 mg/L of nitrogen in the form of nitrate releases 2.86 mgO2/L 


As seen in Section 6.3.5, the oxidation of 1 mg of nitrogen in the form of am- 
monia implies the consumption of 4.57 gO,. As a result, if total denitrification is 
achieved, a theoretical saving of 62.5% can be obtained (2.5/4.0 or 2.86/4.57) in 
the consumption of the oxygen used in the nitrification. 

In the design of the treatment plants this economy can be taken into considera- 
tion, ifa reduction in the required power for the aerators is desired. In the operation 
of the plant, the denitrification will make it possible to reduce the consumption of 
energy, provided that the aeration level is controlled to maintain the desired DO 
concentration in the reactor. 


(b) Economy of alkalinity 


As seen in Section 6.3.2, the maintenance of a satisfactory level of alkalinity in the 
mixed liquor is of great importance to keep the pH within the adequate range for 
nitrification. From the denitrification reaction (Equation 6.4), it can be seen that 
the reduction of 1 mol of nitrate occurs along with the consumption of | mol of 
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H+. During nitrification, the formation of 1 mol of nitrate implies the production 
of 2 moles of H* (see Equation 6.3). 

Thus, if denitrification is incorporated into the treatment system, a theoretical 
reduction of 50% in the release of H* can be obtained, that is to say, an economy 
of 50% in alkalinity consumption. Thus, if 7.1 mg/L of alkalinity are consumed 
for the nitrification of 1 g NH4t-N/L (see Section 6.3.6), only 3.5 mg/L of alka- 
linity will be consumed if denitrification is included in the system. Some authors 
(Barnes and Bliss, 1983; Eckenfelder Jr and Argaman, 1978) indicate a lower 
practical economy, in the order of 3 mg/L of alkalinity (alkalinity consumption 
of approximately 4.1 mg/L for nitrification combined with denitrification). Exam- 
ple 6.6 can be analysed from this new perspective and, in this case, the available 
alkalinity in the raw sewage will be sufficient. 


(c) Operation of the secondary sedimentation tank 


In secondary sedimentation tanks, the sludge has a certain detention time. For 
nitrified mixed liquors, under certain conditions, such as high temperatures, the 
situation becomes favourable for the occurrence of denitrification in the sedimen- 
tation tank. As a result, the nitrates formed in the reactor are reduced to gaseous 
nitrogen in the secondary sedimentation tank (see Equation 6.4). This implies the 
production of small bubbles of N3 that adhere to the sludge, thus preventing it 
from settling, and carrying it to the surface. This is the so-called rising sludge. 
This sludge will leave with the final effluent, deteriorating its quality in terms of 
SS and BOD. This effect is particularly common in warm-climate regions, where 
high temperatures favour nitrification and denitrification. 

Therefore, it is an appropriate strategy to prevent denitrification from taking 
place in the secondary sedimentation tank, while allowing it to occur in controlled 
locations, where the additional advantages of oxygen and alkalinity economy can 
be achieved. 


(d) Nutrient control 


Usually, when dealing with denitrification, the first point to come to mind is the con- 
trol of eutrophication of water bodies through the removal of nutrients in wastew- 
ater treatment. This aspect, even though of great importance in some situations, 
is not always the decisive factor, for two reasons. The first is that not all the efflu- 
ents from wastewater treatment plants go to sensitive water bodies, such as lakes, 
reservoirs or estuaries. For disposal to rivers, the control of nutrients is usually not 
necessary. The second reason, also very important, is that cyanobacteria, which 
are usually associated with the more developed stages of eutrophication, in which 
they proliferate in great numbers, have the capacity to absorb the atmospheric 
nitrogen and convert it into a form that can be assimilated. Thus, the nitrogen in 
the liquid medium is not the limiting factor for these organisms and the reduction 
in the amount conveyed by the wastewater will have a lower influence. In these 
conditions, the truly limiting nutrient is phosphorus. 
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If phosphorus is really the limiting factor for algal growth, all the efforts in 
the wastewater treatment should be concentrated on its removal. However, the 
potential advantage of nitrogen removal should not be disregarded for the control 
of the trophic status of water bodies that still have a certain species diversity, with 
different requirements in terms of N and P. 


6.4.3 Kinetics of denitrification 


The denitrification rate can be obtained from the growth rate of the denitrify- 
ing microorganisms, similar to the calculations of the nitrification rate (Sec- 
tion 6.3.1). The growth rate can be expressed in terms of Monod’s kinetics, 
according to the electron acceptor (nitrate) and donor (organic matter) concen- 
tration, as follows: 


S NO3- 
= Pmax’ 6.24 
p= p Fes E Nor | a) 


where: 
S = concentration of carbonaceous matter (mgBOD/L) 
Ks = half-saturation coefficient for the carbonaceous matter (mgBOD/L) 
NO3” = concentration of nitrogen in the form of nitrate (mgN/L) 
Kno, = half-saturation coefficient for the nitrogen in the form of nitrate 
(mgN/L) 


Usually NO3~ >> Kyo, (EPA, 1993), which makes the term in the second bracket 
in Equation 6.24 negligible, that is, it can be considered that the growth rate of the 
denitrifying bacteria does not depend on the nitrate concentration in the medium 
(zero-order reaction with relation to the nitrate). 

However, the value of Ks for the carbonaceous matter depends fundamentally 
on the type of organic carbon, which is a function of the denitrification system 
adopted and the characteristics of the process, such as the sludge age. Depending 
on the value of Kg, the growth rate can be of order 0 or | for the organic carbon. With 
this range of variations, and aiming at keeping a simple model structure, it is not 
very practical to design the activated sludge system by expressing the denitrification 
rate in terms of the growth rate of the denitrifying organisms, according to Monod’s 
kinetics. 

A simplified way to express the denitrification rate is through the relation with 
the volatile suspended solids in the reactor (denitrification rate = [genit/Y denit). 
Typical values of the denitrification rate are given in Table 6.3. 

The denitrification rate in the anoxic zone upstream of the reactor is higher 
than in the anoxic zone downstream of the reactor. This is because in the first 
anoxic zone the raw sewage contains high levels of organic carbon, which are 
necessary for the denitrifying bacteria. On the other hand, in the second anoxic 
zone most of the organic carbon has been already removed in the reactor, leading 
to a predominance of the endogenous metabolism, with low denitrification rates. 
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Table 6.3. Typical ranges of the specific denitrification rate 


Position of the Source of organic Specific denitrification rate 
anoxic zone carbon (mgNO; -N /mgVSS-d) 
Anoxic zone upstream Raw sewage 0.03-0.11 

of the aerated zone 
Anoxic zone downstream Endogenous metabolism 0.015-0.045 


of the aerated zone 


Source: Eckenfelder and Argaman (1978); Arceivala (1981); Metcalf and Eddy (1991); EPA (1993) 


The denitrification rate decreases with the increase in the sludge age (or the 
reduction in the F/M ratio). In Table 6.3, within each range, the smallest values 
correspond to the highest sludge ages. EPA (1993) includes two equations that 
correlate the denitrification rate with F/M and 6: 


e Anoxic zone upstream of the aerated zone: 
SDR = 0.03 x (F/Manox) + 0.029 (6.25) 
e Anoxic zone downstream of the aerated zone 
SDR = 0.12 x 0,770 (6.26) 


where: 
SDR = specific denitrification rate (mgNOs  -N/mgVSS-d) 
F/Manox = food/microorganism ratio in the first anoxic zone (not in the 
reactor as a whole) (kgBOD/kgMLSS in the first anoxic zone 
per day) 
9. = sludge age (d) 


The processes for achieving denitrification in the activated sludge system are 
discussed in Chapter 7, where an analysis is made of different flowsheets, the 
position of the anoxic and aerated zones, the recirculations and the differences 
between the use of raw sewage and the carbon from the endogenous respiration. 
Relevant examples are provided in this chapter. 


6.4.4 Environmental factors of influence on denitrification 


Compared with the nitrifying bacteria, the denitrifying bacteria are much less sen- 
sitive to environmental conditions. However, the following environmental factors 
influence the denitrification rate: 


e dissolved oxygen 

e temperature 

e pH 

e toxic or inhibiting substances 


146 Activated sludge and aerobic biofilm reactors 


(a) Dissolved oxygen 


The absence of oxygen is obviously a fundamental pre-requisite for the occurrence 
of denitrification. Anoxic conditions are needed in the floc, that is, in the immediate 
vicinity of the denitrifying bacteria. Hence, it is possible that there is dissolved 
oxygen at low concentrations in the liquid medium and, even so, denitrification 
takes place, because of the fact that the denitrifying bacteria are in an anoxic 
micro-environment within the floc. 

Metcalf and Eddy (1991) present the following equations for correcting the 
denitrification rate for the presence of DO. It should be noted that the rate decreases 
linearly with the increase of DO and reaches zero when DO is equal to 1.0 mg/L. 


SDRpo = SDRsoºc x (1.0 — DO) (6.27) 


where: 
SDR = specific denitrification rate, as determined in Section 6.4.3 
(mgNO3~ -N/mgVSS.-d) 
SDR29°c = specific denitrification rate with inhibition due to the presence of DO 
(mgNO3~ -N/mgVSS.-d) 
DO = dissolved oxygen (mg/L) 


The specific growth rate of the denitrifying bacteria and, in other words, the 
denitrification rate, can also be modelled according to Monod’s kinetics, with the 
inhibition term for DO included (IAWPRC, 1987; EPA, 1993). Equation 6.28 
corresponds to Equation 6.24, with the DO inhibition term. Note that the term 
for DO, since it is related to inhibition, is given with inverted numerators and 
denominators compared to the nutrient terms (S and N). 


S NOs” Ko 
H = Umax’ E =|” (6.28) 
Ks+S Kyo,- + NO3 Ko + DO 


where: 
Ko = half-saturation coefficient for oxygen (mg/L). A value of Ko equal to 1.0 
is suggested by the IAWPRC (1987) model. 


Naturally, in a properly designed and operated anoxic zone, the DO should be 
equal or very close to zero, since there is no aeration in this zone. Denitrification 
can still happen in the reactor in a predictable way, such as in the anoxic zones 
in an oxidation ditch. It can also occur in a manner that was not predicted in the 
design, such as in poorly aerated zones in the reactor (bottom and corners). 


(b) Temperature 


Temperature has an effect on the growth rate of denitrifying bacteria and, as a 
consequence, on the denitrification rate. The denitrification reaction takes place 
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in a wide temperature range, from 0 °C to 50 °C, reaching its optimal level in the 
range of 35 °C to 50 °C (Barnes and Bliss, 1983). 

The influence of temperature can be expressed in the conventional Arrhenius 
form, that is: 


SDRr = SDRa9c8*”? (6.29) 
where: 
SDR = specific denitrification rate at a temperature T (mgNO3~-N/ 
mgVSS-d) 
SDR2ec = specific denitrification rate at the temperature of 20 °C (mgNO37 -N/ 
mgVSS-d) 


T = temperature of the liquid (°C) 
9 = temperature coefficient 


Very broad ranges are given in the literature for the temperature coefficient 0. 
Arceivala (1981) mentions values between 1.15 and 1.20. EPA (1993) lists values 
ranging from 1.03 to 1.20, with the predominance of values close to 1.08. Metcalf 
and Eddy (1991) use the value of 1.09. 


(c) pH 


There is a certain variation in the literature regarding the ideal pH for denitrification. 
Arceivala (1981) indicates values in the range of 7.5 to 9.2, while Barnes and Bliss 
(1983) suggest a range from 6.5 to 7.5, with 70% decline in the denitrification 
rate for a pH of 6 or 8. EPA (1993) presents four curves for the variation of 
the denitrification rate with pH. The general tendency in these curves is that the 
maximum rate occurs at a pH between 7.0 and 7.5 and decreases approximately 
linearly with both the reduction and the increase in pH. For a pH of 6.0, the 
denitrification rates vary between 40% and 80% of the maximum value. For a pH 
of 8.0, the denitrification rates vary between approximately 70 and 90% of the 
maximum rate. 

In spite of the variation of the information, it can be concluded that the pH should 
be close to neutrality and values below 6.0 and above 8.0 should be avoided. 


(d) Toxic or inhibiting substances 


The major route for the occurrence of denitrification is after nitrification. As already 
discussed, the nitrifying bacteria are much more sensitive to toxic or inhibiting sub- 
stances than the heterotrophic bacteria responsible for denitrification. In addition, 
the denitrifying bacteria are present in a larger diversity of species, which reduces 
the impact of some specific inhibiting agent. Thus, if toxic or inhibiting substances 
are present, it is very likely that denitrification will be very reduced (or eliminated) 
for the simple reason that nitrification is inhibited. 
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6.5 PRINCIPLES OF BIOLOGICAL PHOSPHORUS 
REMOVAL 


6.5.1 Mechanisms of biological phosphorus removal 


For biological phosphorus removal, it is essential to have anaerobic and aerobic 
zones in the treatment line. The most convenient arrangements of both zones are 
discussed in Chapter 7. 

The early explanations for the mechanism of biological phosphorus removal 
referred to the anaerobic zone as causing a condition of bacterial stress that would 
result in phosphorus being released in this zone. After that, high assimilation of 
the phosphorus available in the liquid medium would occur in the aerobic zone 
at a higher level than the normal metabolic requirements of the bacteria. When 
removing the excess biological sludge, bacteria with high phosphorus levels are 
also removed. 

As more information has become available through intense research in this 
area in the past years, a mechanistic model has been developed, which includes 
fundamental biochemical aspects. It should be noted that, in spite of the great 
progresses made in this area, some knowledge gaps still need to be filled in. Several 
of the organisms involved are taxonomically unknown. The current mathematical 
models for biological phosphorus removal, such as the WA models (IAWQ, 1995, 
and subsequent versions), are extremely complex and are still being tested in full- 
scale activated sludge plants. However, the merit exists as the increasing knowledge 
in the area has allowed better designs and operational control strategies to be 
developed. 

This book deals with biological phosphorus removal in a simplified way. More 
recent and deeper information should be obtained from specific publications, since 
the theme has developed significantly. 

Biological phosphorus removal is based on the following fundamental points 
(Sedlak, 1991, IAWQ, 1995): 


e Certain bacteria are capable of accumulating excess amounts of phos- 
phorus in the form of polyphosphates. These microorganisms are named 
phosphorus accumulating organisms (PAOs). The bacteria most frequently 
mentioned as an important PAO is Acinetobacter. 

e These bacteria are capable of removing simple fermentation substrates 
produced in the anaerobic zone and then assimilate them as products stored 
inside their cells. 

e In the aerobic zone, energy is produced by the oxidation of these stored 
products. The storage of polyphosphates in the cell increases. 


The anaerobic zone is considered a biological selector for the phosphorus ac- 
cumulating microorganisms. This zone has an advantage in competition terms for 
the phosphorus accumulating organisms, since they can assimilate the substrate in 
this zone before other microorganisms, which are not phosphorus accumulating 
organisms. Thus, this anaerobic zone allows the development or selection ofa large 
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Figure 6.2. Variation of the soluble BOD and orthophosphate concentrations in the 
anaerobic and aerobic zones in an activated sludge system designed for biological 
phosphorus removal (adapted from EPA, 1987) 


population of phosphorus accumulating organisms (PAOs) in the system, which 
absorb substantial amounts of phosphorus in the liquid medium. Phosphorus is 
then removed from the system with the excess sludge (Sedlak, 1991). 

Figure 6.2 presents typical profiles of soluble BOD and orthophosphates in 
anaerobic and aerobic zones in an activated sludge system designed for phospho- 
rus removal. The concentration of soluble BOD decreases in the anaerobic zone, 
even if there are no aerobic or anoxic electron acceptors. In the anaerobic zone, 
while the soluble BOD concentration decreases, the soluble phosphorus concen- 
tration increases. Subsequently, in the aerobic zone, the phosphorus concentration 
decreases, while the soluble BOD concentration continues in its decline. 

The biological phosphorus removal mechanism is summarised in Figure 6.3 
and is described in the following paragraphs (EPA, 1987b; Sedlak, 1991; Henze, 
1996). 


Alternation between anaerobic and aerobic conditions 


e  Alternation of conditions. The PAO require the alternation between anaero- 
bic and aerobic conditions, to build their internal energy, organic molecules 
and polyphosphate storage components. 


Anaerobic conditions 


e Production of volatile fatty acids by facultative bacteria. Part of the 
biodegradable organic matter (soluble BOD) is converted, through fermen- 
tation processes in the raw sewage or in the anaerobic zone, into simple 
organic molecules of low molecular weight, such as volatile fatty acids. 
This conversion is usually made by facultative organisms that normally oc- 
cur in the sewage and in the anaerobic zone. The volatile fatty acids become 
available in the liquid medium. There is not enough time for hydrolysis and 
the conversion of the particulate influent organic matter. 

e Accumulation of the volatile fatty acids by the PAOs. The phosphate accu- 
mulating organisms give preference to these volatile fatty acids, which are 
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Figure 6.3. Schematic mechanism of biological phosphorus removal 


quickly assimilated and accumulated inside the cells. PAOs assimilate these 
fermentation products better than the other organisms usually occurring in 
the activated sludge process. As a consequence, there is a selection of the 
population of these phosphorus accumulating organisms in the anaerobic 
zone. 

Phosphate release. The release of phosphate that was previously accu- 
mulated by the organisms (in the aerobic stage) supplies energy for the 
transport of the substrate and for the formation and storage of organic 
metabolic products, such as PHB (polyhydroxybutyrate). 


Aerobic conditions 


Consumption of the stored substrate and assimilation of phosphate. PHB is 
oxidised into carbon dioxide and water. The soluble phosphate is removed 
from the solution by the PAOs and is stored in their cells for generation of 
energy in the anaerobic phase. 

Production of new cells. Due to the use of substrate, the PAO population 
increases. 
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Phosphorus removal 


e Phosphorus removal by the excess sludge. The phosphorus is incorporated 
in large amounts into the PAOs cells and is removed from the system through 
the removal of the biological excess sludge, which discards a fraction of the 
mixed liquor containing all the organisms in the activated sludge, including 
PAOs. 


6.5.2 Factors of influence on biological phosphorus removal 


The following factors influence the performance of biological phosphorus removal 
(EPA, 1987b; Sedlak, 1991): 


e environmental factors 


e DO 
e temperature 
e pH 


e nitrate in the anaerobic zone 
e design parameters 
e sludge age 
e detention time and configuration of the anaerobic zone 
e detention time in the aerobic zone 
e excess sludge treatment methods 
e characteristics of the influent sewage 
e suspended solids in the effluent 


(a) Dissolved oxygen 


Biological phosphorus removal depends on the alternation between anaerobic and 
aerobic conditions. Naturally, there will be no dissolved oxygen available in the 
anaerobic zone. The presence of DO in anaerobic zones has been reported to 
decrease phosphorus removal and cause the growth of filamentous bacteria. DO 
can come from the raw sewage through infiltration, screw pumps, turbulence and 
cascading in the inlet structures, aeration in grit chambers and vortices created by 
stirrers in the anaerobic zone. 

For the aerobic zone, there are no generally accepted studies that describe 
the effects of the DO concentration on the phosphorus removal efficiency. The 
mechanism of biological phosphorus removal suggests that the DO concentration 
can affect the phosphorus removal rate in the aerobic zone, but not the possible 
degree of removal, provided there is enough aerobic time. 

However, there is evidence that in treatment plants the DO concentration in the 
aerobic zone should be kept between 1.5 and 3.0 mg/L. If the DO is very low, 
the phosphorus removal can reduce and the nitrification will be limited, possibly 
leading to the development of sludge with poor settleability. If the DO is very high, 
the denitrification efficiency can be reduced due to DO entering the first anoxic 
zone. As a consequence, an increased concentration of nitrates can occur, which 
affects the release of phosphorus in the anaerobic zone. 


152 Activated sludge and aerobic biofilm reactors 


The control of DO in the aerobic zone is very important and usually plants with 
biological phosphorus removal are provided with automated control of the aeration 
capacity and the DO concentration. 


(b) Temperature 


Biological phosphorus removal has been successfully applied in a wide range of 
temperatures, and it seems that the phosphorus removal capacity is not affected 
by low temperatures. However, there are indications that the phosphorus release 
rate is lower for low temperatures, and longer detention times are needed in the 
anaerobic zone for fermentation to be completed and/or the substrate consumed. 


(c) pH 


Studies on the influence of pH on phosphorus removal suggest the following 
points: 


e phosphorus removal is more efficient at a pH between 7.5 and 8.0 
e phosphorus removal is reduced significantly at pH values lower than 6.5, 
and all activity is lost at a pH close to 5.0 


(d) Nitrate in the anaerobic zone 


The entrance of nitrate into the anaerobic zone reduces the phosphorus removal 
efficiency. This is because the nitrate reduction in the anaerobic zone uses substrate 
that, otherwise, would be available for assimilation by phosphorus accumulating 
organisms. As a consequence, the nitrate has the effect of reducing the BOD/P 
ratio in the system. The influence depends on the influent BOD and the phos- 
phorus concentration, as well as on the sludge age. Item (1) below includes other 
considerations about this topic. 

The various processes available for biological phosphorus removal have differ- 
ent internal recirculation methods and, therefore, the potential for nitrates to return 
or not to the anaerobic zone will differ among them. Care should also be taken 
in respect to the return of nitrates through the return sludge from the secondary 
sedimentation tanks. 


(e) Sludge age 


Systems operating with higher sludge ages produce less excess sludge. The main 
phosphorus removal route in the system is through the excess sludge, since phos- 
phorus is accumulated in high concentrations in the bacterial cells. Thus, the larger 
the sludge age, the lower the sludge production, the lesser the wastage of excess 
sludge, and the smaller the phosphorus removal from the system. Therefore, ex- 
tended aeration systems are less efficient in phosphorus removal than conventional 
activated sludge systems. 

Systems with a high sludge age require higher BOD/P ratios in the influent to 
reach concentrations of soluble phosphorus in the effluent below 1.0 mg/L. 
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To maximise phosphorus removal, the systems should not operate with sludge 
ages above those required for the overall treatment requirements. 


(f) Detention time and configuration of the anaerobic zone 


Detention times in the anaerobic zone have been traditionally established between 
1 and 2 hours. This period of time is needed for fermentation to produce the volatile 
fatty acids consumed by the phosphorus accumulating organisms. After 2 hours, 
most of the applied BOD is already removed from the solution. 

Extended periods of time should be avoided in the anaerobic zone, because 
they can cause the release of phosphorus without the consumption of volatile fatty 
acids. When this happens, there are not enough carbon storage products inside the 
cells to produce the necessary energy for the total absorption of the phosphorus 
released. 

The configuration of the anaerobic zone also affects phosphorus removal. The 
division of the anaerobic zone into two or more compartments in series improves 
phosphorus removal. Naturally, the costs of the dividing walls and increased mixing 
equipment requirements need to be considered. 


(g) Detention time in the aerobic zone 


The aerobic zone plays an important role, creating conditions for the absorption of 
phosphorus after its release in the anaerobic zone. As the aerobic stage is designed 
to allow enough time for BOD removal and nitrification, it is expected that there 
will be enough time for phosphorus absorption. This aspect becomes critical if 
the aerobic zone is not always entirely oxygenated. There are still no conclusive 
findings about the aerobic detention time required, but there are some indications 
that 1 to 2 hours are enough. 


(h) Excess sludge treatment methods 


Special care should be taken in the sludge treatment stage to avoid anaerobic 
conditions that favour the release into the liquid of the phosphorus stored in the 
biomass. In this respect, the following points should be noted: 


e adoption of thickening by dissolved air flotation is preferable to gravity 
thickening 

e aerobic digestion is preferable to anaerobic digestion 

e dewatering of the sludge by fast and continuous processes is preferable 
to the dewatering by equipment with intermittent operation or with time- 
consuming methods 


(i) Characteristics of the influent sewage 


For biological phosphorus removal, organic fermentation products need to be avail- 
able for the phosphorus accumulating organisms. The more they are available in 
the anaerobic zones, the larger the phosphorus removal. It is important that the or- 
ganic matter is available in the soluble form (soluble BOD) to make fermentation 
possible, since the short hydraulic detention times in the anaerobic zone hinder the 
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assimilation of the slowly-biodegradable organic matter, such as the particulate 
BOD. 

Sedlak (1991) mentions an advisable minimum ratio of soluble BOD: P in the 
influent of 15:1, to obtain low concentrations of soluble phosphorus in the effluent 
from systems with relatively low sludge ages. 

The Water Research Commission (1984) makes the following comments. The 
mentioned treatment processes are described in Chapter 7: 


e Ifthe rapidly biodegradable COD concentration (approximately equivalent 
to the soluble COD) in the influent is less than 60 mg/L, irrespective of the 
total COD concentration, it is not very likely that a significant phosphorus 
removal will be achieved with any process. 

e Ifthe rapidly biodegradable COD concentration is higher than 60 mg/L, 
phosphorus removal can be achieved, provided that the nitrate is excluded 
from the anaerobic zone. The removal of P increases quickly with the 
increase in the biodegradable COD concentration. 

e The ability to prevent nitrates from going into the anaerobic zone will 
depend on the TKN/COD ratio in the influent and the process adopted for 
phosphorus removal. Some limits are indicated below for typical domestic 
sewage (from South Africa): 

e COD/TKN > 13 mgCOD/mgN. Complete removal of nitrate is possi- 
ble. The Phoredox process is recommended. 

e COD/TKN: 9 to 13 mgCOD/mgN. Complete removal of nitrates is no 
longer possible, but the nitrates can be excluded from the anaerobic 
zone by using the modified UCT process. 

e COD/TKN: 7 to 9 mgCOD/mgN. The modified UCT process cannot 
exclude the nitrate from the anaerobic compartment. The UCT pro- 
cess is recommended, provided that the internal recirculation from the 
aerobic to the anoxic zone is carefully controlled. 

e COD/TKN <7 mgCOD/mgN. Biological phosphorus removal in sys- 
tems with nitrification is unlikely to occur. 


If BOD is adopted instead of COD, and a COD/BODs ratio in the influent 
of around 2 is assumed, the values of the above relations are approximately 
half of those stated (e.g., a COD/TKN ratio of 10 corresponds to approximately 
BODs/TKN = 5). 

Primary settling is unfavourable when trying to reach high efficiencies in N and 
P removal, because it increases the TKN/COD and P/COD ratios substantially, by 
reducing the COD concentration in the influent to the biological stage (although 
the concentration of soluble COD is little affected) (WRC, 1984). 


(j) Suspended solids in the effluent 


Since biological phosphorus removal is based on the incorporation of phosphorus 
in excessive amounts into the bacterial biomass, the loss of suspended solids in the 
effluent results in the increase of the phosphorus concentrations in this effluent. The 
phosphorus levels in the MLSS of biological P-removal processes range between 
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2 and 7% (and, under very favourable conditions, even more). Thus, if the effluent 
has a SS concentration equal to 20 mg/L and a proportion of P equal to 4%, this 
would imply that the P concentration discharged with the effluent SS is 20 x 0.04 = 
0.8 mg/L. This value is high when considering that total P concentration usually 
desired for the final effluent in systems with BNR is around 1.0 mg/L. In these 
conditions, the soluble P concentration in the effluent should be no more than 
0.2 mg/L (= 1.0 — 0.8), which is a very reduced value. 

Thus, in situations where very low levels of P in the effluent are desired, it is 
very common to adopt polishing stages for the removal of suspended solids, such 
as filtration or flotation. 


6.5.3 Modelling of biological phosphorus removal 


The mechanistic models available for biological phosphorus removal have been 
developed substantially in the last years, as a result of intensive investigations in 
several parts of Europe, North America and South Africa. However, their degree 
of complexity is very high in view of the great number of variables and parameters 
involved, some of which are not directly measurable. The IWA models are an 
example of widely accepted models for the activated sludge process, including 
BNR. However, their degree of complexity is outside the scope of this book. 

For this reason, the following simplified approach is presented for the estimation 
of the effluent phosphorus concentration, based mainly on the research by Professor 
Marais and co-workers, in South Africa (WRC, 1984). 


(a) Determination of the fraction of P in the suspended solids 
The main phosphorus removal route from the system is through its incorporation, 
in excessive amounts, into the biological excess sludge. With the removal of the 
excess sludge from the system, phosphorus removal is also achieved. Therefore, 
it is important to quantify the phosphorus fraction in the excess sludge solids 
(mgP/mgSS). Usually, this fraction is from 2% to 7% in systems with biological 
phosphorus removal. However, this value can be estimated using the methodology 
described below. 

The propensity factor of excess phosphorus removal (Pr) is a parameter that 
reflects the system’s ability to remove phosphorus. The value of P can be estimated 
using the following equation (WRC, 1984): 


Pr = (fo x COD — 25)-fan (6.30) 


where: 
fæ = fraction of rapidly biodegradable COD in the influent 
COD = total COD of the influent wastewater (mg/L) 
fan = mass fraction of the anaerobic sludge 


The rapidly biodegradable fraction fi usually represents 15 to 30% of the total 
COD of the raw sewage, and 20 to 35% of the total COD of the sewage after 
primary settling (Orhon and Artan, 1994). 
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Influent BOD is converted into COD by simply multiplying it by a factor 
(COD/BODs ratio) between 1.7 and 2.4. 

With respect to the anaerobic sludge fraction fan, if the concentration of solids is 
the same in all zones of the reactor, fan can be considered equal to the ratio between 
the volume of the anaerobic zone and the total volume of the reactor (Vanaer/Vtot)- 
Values of this anaerobic fraction vary between 0.10 and 0.25 (Vanaer varies between 
10% and 25% of the total volume of the reactor). 

The phosphorus fraction in the active biomass (mgP/mgX,) can be expressed 
using the following relation (WRC, 1984): 


P/X, = 0.35 — 0.29-e 07 Pr (6.31) 


The active fraction of the mixed liquor volatile suspended solids (X,/X,) is 
given by: 


1 
~ 1+40.2-Kg-O¢ 


a 


(6.32) 


where: 
Kg = coefficient of endogenous respiration (0.08 to 0.09 d7!) 
0. = total sludge age (d) 


The ratio between the volatile suspended solids and the total suspended solids 
in the reactor (X,/X) can be calculated, as shown in the example in Chapter 5, or 
be obtained from Table 2.8. Typical values are: (a) conventional activated sludge: 
0.70 to 0.85, (b) extended aeration: 0.60 to 0.75. A quick way of calculating the 
ratio for the treatment of domestic sewage is to use the regression equations with 
the sludge age contained in Table 2.9, namely: 


e system with primary sedimentation: 

X,/X = 0.817-0,- 0 (6.33) 
e system without primary sedimentation: 

Xy/X = 0.7740, 08 (6.34) 
Thus, the phosphorus fraction in the suspended solids can be calculated through 


the following equations, whose terms can be obtained from Equations 6.31 to 
6.34: 


e Fraction of P in the volatile suspended solids in the excess sludge 
(mgP/mgVSS): 


P/Xy = fa(P/Xa) (6.35) 
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e Fraction of P in the total suspended solids in the excess sludge (mgP/mgSS): 


VSS 
P/X= (=) fa (P/Xa) (6.36) 


Depending on the values of the influent COD and the rates and coefficients 
adopted, it is possible to obtain P/X values much higher than the value of 7% 
mentioned by EPA (1987b) and Orhon and Artan (1994). For safety reasons, it is 
suggested that, for design purposes, a maximum value of 7% is assigned for this 
relation. 


(b) Removal of P with the excess sludge 


The ratio of the phosphorus removed per unit of BOD removed (mgP/mgBOD) 
can be expressed as follows (EPA, 1987b): 


P/BOD = Yws: (P/X,) (6.37) 
or 
P die == P/X,) (6.38) 
aes A A 
where: 


P/X, = fraction of P in VSS (calculated from Equation 6.35) (mgP/mgVSS) 
Y = yield coefficient (0.4 to 0.8 mgVSS/mgBOD) 
fe = biodegradable fraction of the VSS (mgSS;/mgVSS) 


The fp value can be calculated as follows: 


0.8 


r E 
1+ 0.2-Kq-6, 


(6.39) 


Typical values of f, are: (a) conventional activated sludge: 0.55 to 0.70 and 
(b) extended aeration: 0.40 to 0.65. 

The amount of phosphorus removed in the excess sludge, taking into consid- 
eration the amount of BOD removed, can be determined by multiplying the result 
of Equation 6.38 by the removed BOD concentration (So— S): 


(P/Xy)-(So — S) (6.40) 


rem = 


1 + f,-Ka-4 


where: 
Prem = concentration of P removed in the excess sludge (mg/L) 
So = total influent BOD concentration to the biological stage (mg/L) 
S = soluble effluent BOD concentration from the biological stage (mg/L) 
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(c) Effluent P concentration 


The concentration of the effluent soluble phosphorus is given by the difference 
between the total effluent concentration of P and the removed concentration of P 
(given by Equation 6.40): 


Prot eit = Prot inf — Prem (6.41) 


The concentration of the effluent particulate phosphorus (present in the effluent 
SS) is determined by multiplying the SS concentration in the effluent from the 
system by the fraction of P in the suspended solids (P/X). P/X is given in Equa- 
tion 6.36. 


Ppartett = SS-(P/X) (6.42) 


The total effluent phosphorus concentration is the sum of the concentrations of 
soluble P and particulate P in the effluent: 


Protett = Pot ete + Part eff (6.43) 


The example in Section 7.2 illustrates this calculation method for biological 
phosphorus removal. 


7 


Design of continuous-flow systems 
for biological nutrient removal 


7.1 BIOLOGICAL NITROGEN REMOVAL 


7.1.1 Processes most frequently used 


The main flowsheets for nitrification and denitrification combined in a single re- 
actor are as follows (see Figure 7.1): 


pre-denitrification (removal of nitrogen with carbon from the raw sewage) 
post-denitrification (removal of nitrogen with carbon from endogenous 
respiration) 

four-stage Bardenpho process 

oxidation ditch 

intermittent operation reactor (sequencing batch reactor) 


There are still other processes, with nitrification and denitrification in separate 
lines from carbon removal, as well as other processes that use an external carbon 
source (usually methanol) for denitrification. However, these systems are more 
complex, which makes the single reactor systems without external carbon source 
more frequently used. Each of the main variants presented in Figure 7.1 are de- 
scribed below. There are still other interesting processes in which N removal follow 
other routes (e.g. Sharon-Anammox process), but these are outside the scope of 
this book. 


© 2007 IWA Publishing. Activated Sludge and Aerobic Biofilm Reactors by Marcos von Sperling. 
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Figure 7.1. Main processes for biological nitrogen removal 


(a) Pre-denitrification (removal of nitrogen with carbon from raw sewage) 


The reactor has an anoxic zone followed by the aerobic zone. Nitrification occurs in 
the aerobic zone, leading to the formation of nitrates. The nitrates are directed to the 
anoxic zone by means of an internal recirculation. In the anoxic zone, the nitrates 
are converted into gaseous nitrogen, which escapes to the atmosphere. Should 
there be no internal recirculation, the only form of return of the nitrates would 
be through the return sludge, with the possible operational risks of denitrification 
in the secondary sedimentation tank (formation of Nz bubbles, causing rising 
sludge). This process is also named modified Ludzack-Ettinger. 
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The internal recirculation is done with high recycle ratios, ranging from 100 
to 400% of the influent flow. The efficiency of denitrification is highly associated 
with the quantity of nitrate that returns to the anoxic zone. For example, if 80% 
of the nitrates are returned to the anoxic zone, their potential removal is 80%. The 
other 20% leave with the final effluent. The formula that determines the amount 
of nitrate to be returned to the anoxic zone is: 


Rint = Rotudge 


es (7.1) 
Rint T Rstudge +1 


Fyo3 rec = 


where: 
FNos rec = fraction of the nitrates formed that are recirculated to the anoxic zone 
(corresponds to the maximum theoretical NO3~ removal efficiency) 
Rint = internal recirculation ratio 
Rstudge = Sludge recirculation ratio (return sludge ratio) 


For example, if the internal recirculation ratio were 0% (Rint = 0) and the 
sludge recirculation ratio were 100% (Rstudge = 1.0), only 50% (FNo3 rec = 0.5) 
of the nitrates would return to the anoxic zone, and the remaining 50% would 
leave with the final effluent. With an internal recirculation ratio of 300% (Rin. = 
3.0) and a sludge recirculation ratio of 100% (Rstudge = 1.0), 80% of the formed 
nitrates would return to the anoxic zone (FNo3 rec = 0.8), where they would have 
the chance to be converted into gaseous nitrogen. In this latter case, the maximum 
theoretical nitrate removal efficiency would be of 80%. 

Figure 7.2 presents the maximum theoretical nitrate removal efficiency values 
(FNo3 rec) as a function of the total recirculation ratio (Rint + Rstudge). 

In the anoxic zones of pre-denitrification systems, the denitrification rate is 
high (0.03 to 0.11 mgNO3~ -N/mgVSS.qd), due to the high concentration of organic 
carbon in the anoxic zone, brought by the raw sewage. Primary sedimentation can 
be omitted to allow the input of a higher load of organic carbon in the anoxic zone. 


Maximum theoretical nitrate removal efficiency 


1.00 
0.80 
0.60 
0.40 
0.20 
0.00 


Efficiency 
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Figure 7.2. Maximum theoretical nitrate removal efficiency values in systems with 
pre-denitrification as a function of the total recirculation ratio (Rint Rstudge) 
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The advantages of the pre-denitrification systems are: 


e low detention time in the anoxic zone, compared to the post-denitrification 
systems 

e reduction in the oxygen consumption in view of the stabilisation of the 
organic matter using nitrate as electron acceptor in the anoxic zone 

e possibility of the reduction of the volume of the aerobic zone, as a result 
of the stabilisation of part of the BOD in the anoxic zone (the reduction in 
the volume should be such as not to affect nitrification) 

e there is no need for a separate reaeration tank, like in the post-denitrification 
arrangement 


The disadvantage is that, to reach high denitrification efficiencies, very high 
internal recirculation ratios are needed, which is not always economically advis- 
able. For this reason, the internal recirculation ratios are limited to 400% or 500%. 
The internal recirculation pumping stations are designed to work under low heads 
(the water level in the anoxic and aerobic zones is practically the same) and high 
flows. 


(b) Post-denitrification (removal of nitrogen with carbon from 
endogenous respiration) 


The reactor comprises an aerobic zone followed by an anoxic zone and, optionally, 
a final aerobic zone. The removal of carbon and the production of nitrates occur 
in the aerobic zone. The nitrates formed enter the anoxic zone, where they are 
reduced to gaseous nitrogen. Thus, there is no need of internal recirculations, as 
in the pre-denitrification system. This process, without the final aerobic zone, is 
named Wuhrmann process. 

The disadvantage is that denitrification is carried out under endogenous con- 
ditions, since most of the organic carbon to be used by the denitrifying bacteria 
has been removed in the aerobic zone. Therefore, the denitrification rate is slower 
(0.015 to 0.045 mgNO3;~-N/mgVSS.-d), which implies longer detention times in 
the anoxic zone, compared with the pre-denitrification alternative. 

A possibility to increase the denitrification rate is by the addition of an external 
carbon source, such as methanol. Although this practice leads to high denitrification 
rates, it is less frequently applied in developing countries, since it requires the 
continuous addition of a chemical product. 

Another possibility to increase the denitrification rate in the anoxic zone is by 
directing part of the raw sewage straight to the anoxic zone, by-passing the aerobic 
zone. Even if a considerable fraction of BOD from the by-pass line could still be 
removed in the anoxic zone, the introduction of a non-nitrified nitrogen (ammo- 
nia) into the anoxic zone could be a problem, as it could deteriorate the effluent 
quality. 

The final zone is for reaeration, with a short detention time (approximately 
30 minutes). The main purposes are the release of gaseous nitrogen bubbles and 
the addition of dissolved oxygen prior to sedimentation. 
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(c) Four-stage Bardenpho process 


The Bardenpho process corresponds to a combination of the two previous ar- 
rangements, comprising pre-denitrification and post-denitrification, besides the 
final reaeration zone. The nitrogen removal efficiency is high, of at least 90%, 
since the nitrates not removed in the first anoxic zone have a second opportunity to 
be removed, in the second anoxic zone. The disadvantage is that it requires reactors 
with a larger total volume. However, when high nitrogen removal efficiencies are 
required, this aspect should not be considered a disadvantage, but a requirement 
of the process. 


(d) Oxidation ditch 


The liquid circulates in the oxidation ditch, passing many times (70 to 100 times 
a day) through the zones with and without aeration. Aerobic conditions prevail in 
the aerated zones and a certain distance downstream them. However, as the liquid 
becomes more distant from the aerator, the oxygen concentration decreases, being 
liable to reach anoxic conditions at a certain distance. This anoxic zone is limited 
by the next aerator, where the aerobic conditions restart. 

This alternation between aerobic and anoxic conditions allows the occurrence 
of BOD removal and nitrification in the reactor, besides denitrification itself. The 
nitrifying and denitrifying bacteria are not harmed by these alternating environ- 
mental conditions, so that where there is dissolved oxygen available, nitrates will 
be formed, and where it lacks, nitrates will be reduced. 

The oxidation ditches may have more than one aerator, a condition in which there 
may be more than one aerobic zone and more than one anoxic zone. Naturally, for 
the occurrence of denitrification, there should be no overlapping of aerobic zones, 
leading to a suppression of the anoxic zones, in view of an excessive number of 
aerators in the reactor. 

Conventional ditches (Pasveer ditches) have horizontal-shaft aerators (rotors), 
while the Carrousel-type ditches have vertical-shaft aerators. 

The behaviour of the ditches regarding nitrogen removal takes place according 
to dynamics different from the other systems, due to the DO gradient and the fast 
alternation between aerobic and anoxic conditions. Figure 7.3 shows the close re- 
lation between DO concentration and nitrification in two ditches in England (von 
Sperling, 1993b). During the total sampling period, there were successive reduc- 
tions and increases in the nitrification capacity. The increased DO concentration 
implies a reduced concentration of ammonia in the ditch, and the decreased DO 
causes an increase in the concentration of ammonia. The observation of the time 
series of ammonia and DO presented in Figure 7.3 indicates a fast recovery of 
the nitrification, after the increase in the DO. Within a certain range, increases 
in the DO concentration, even if small, imply an almost immediate decrease in 
the concentration of ammonia. The fast recovery of the nitrification cannot be 
explained by Monod’s conventional kinetics (von Sperling, 1990). It is proba- 
ble that the frequent alternation between high and low DO concentration zones 
along the course of the liquid in the ditch creates satisfactory conditions for a 
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Figure 7.3. Relation between DO and nitrification in two oxidation ditches 
(von Sperling, 1993b) 


fast increase in the growth rate of the nitrifying organisms, as soon as the av- 
erage DO concentration in the tank (or the size of the higher DO concentration 
zones) increases. This same behaviour was noticed by the author in other ditches in 
England. 

To obtain a higher denitrification efficiency in the ditches, there should be an au- 
tomated control of the dissolved oxygen, altering the oxygen transfer rate by means 
of (a) turning on/off the aerators, (b) varying the aerator submergence (acting on 
the outlet weir level or on the vertical shaft of the aerators), or (c) varying the rota- 
tion speed of the aerators. This is due to the fact that, with a variable influent load 
over the day, the size of the aerobic zone would vary if the oxygen transfer rate were 
constant. As the aerators are usually designed for conditions of peak organic load, 
there could be a good balance between oxygen production and consumption in those 
moments, thus allowing the coexistence of aerobic and anoxic zones. However, in 
periods of lower load, such as during the night, the oxygen production would be- 
come larger than the consumption, making the anoxic zone decrease or contingently 
disappear, thus reducing substantially the overall nitrogen removal efficiency. For 
this reason, it is important that the aeration capacity is variable, allowing the oxy- 
gen production rate to follow the consumption rate, generating relatively stable DO 
concentrations and anoxic zone sizes. However, the selection of the DO set point 
is not simple: sufficient aerobic zones are needed for nitrification, but, at the same 
time, sufficient anoxic zones are needed for denitrification. In other words, enough 
oxygen should be provided for nitrification, but not excessively to inhibit the 
denitrification. 
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(e) Intermittent operation reactors (sequencing batch reactors) 


The sequencing batch systems have a cyclic operation. Each cycle consists of a 
sequence of fill, reaction, settle, draw and, if necessary, idle stages. Depending on 
the load generation profile over the day, the system may have just one tank or more 
than one (two, three or more) in parallel, each one in a different stage of the cycle. 
Further details on sequencing batch reactors are presented in Chapter 8. 

During the fill period, some nitrates remaining from the previous cycle may be 
removed, if the aerators are turned off. Therefore, pre-denitrification with organic 
carbon from the raw sewage occurs. An anoxic stage follows the aerobic reaction 
stage, in which post-denitrification occurs under endogenous conditions. 

The advantage of the system is its conceptual simplicity, which does not require 
separate recirculations and sedimentation tanks. 


7.1.2 Comparison between the performances of the biological 
nitrogen removal systems 


Table 7.1 presents a comparison between the capacities of the systems described 
to meet different discharge objectives. If the aerobic sludge age is greater than 
approximately 5 days (or even greater, if the temperature, the DO, and the pH in 
the reactor are low), all the processes are capable to nitrify and meet an effluent 
ammonia level of 5 mg/L. In terms of total nitrogen, all the variants presented can 
meet targets ranging from 8 to 12 mg/L, but only the four-stage Bardenpho system 
can produce an effluent between 3 and 6 mg/L, or even less. 


7.1.3 Design criteria for biological nitrogen removal 


The main criteria, coefficients and rates for the design of systems with pre- 
denitrification, post-denitrification and four-stage Bardenpho are presented in 
Tables 7.2 and 7.3. The values of Table 7.3 refer to the N removal mathematical 


Table 7.1. Capacity of several processes to meet different discharge targets for ammonia 
and total nitrogen 


Total nitrogen 


Ammonia 
Process <Smg/L° 8-12 mg/L 68mgL 3—6 mg/L 
Reactor fully aerobic X — — — 
Reactor with pre-denitrification X X x — 
Reactor with post-denitrification X X — — 
Four-stage Bardenpho X X X X 
Oxidation ditch X X K — 
Sequencing batch reactor X X — — 


^ nitrification will occur consistently provided that aerobic Ocis higher than approximately 5 d 
b with high internal recirculation ratios (Rint between 200 and 400%) 

© with efficient automatic control of dissolved oxygen 

Source: Table prepared based on information from EPA (1993) 
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Table 7.2. Design criteria for biological nitrogen removal 


System with 
System with post- Four-stage 

Parameter pre-denitrification denitrification | Bardenpho 
MLVSS (mg/L) 1500-3500 1500-3500 1500-4000 
Total 9c(d) 6-10 10-30 
Aerobic Oc(d) >5 >8 
HDT — 1º anoxic zone (hour) 0.5-2.5 — 1.0-3.0 
HDT — aerobic zone (hour) 4.0-10.0 5.0-10.0 5.0-10.0 
HDT — 2" anoxic zone (hour) 2.0-5.0 2.0 -5.0 
HDT — final aerobic zone (hour) — 0.5— 1.0 
BOD removal ratio — anoxic zone/ 0.7 0.7 

aerobic zone 
Sludge recirculation ratio Rsiudge 60-100 100 100 

(Q:/Q) (%) 
Internal recirculation ratio Rint 100—400 — 300-500 

(Qint/Q) (%) 
Power level in the anoxic zone (W/m*) 5-10 5-10 
Average DO in the aerobic zone 2.0 2.0 


Source: Adapted from IAWPRC (1987), Metcalf and Eddy (1991), Randall et al. (1992), EPA (1987, 


1993) 


Table 7.3. Typical values of the rates and kinetic and stoichiometric coefficients for the 


modelling of nitrification and denitrification 


Typical values 


Stage Coefficient or rate Unit or range 
Nitrification Spec. nitrifiers growth rate Lmax do! 0.3-0.7 
(20 °C) 
Half-saturation coefficient Ky mgNH,*/L 0.5-1.0 
(ammonia) 
Half-saturation coefficient Ko mgO2/L 0.4-1.0 
(oxygen) 
Temperature coefficient O for Umax = 1.10 
Yield coefficient for nitrifiers Yy mg cells/mgNH,* 0.05-0.10 
oxidation 
O» consumption mg O»/mgNH,* 4.57 
oxidation 
Alkalinity consumption mg CaCO3/mgNH,* 71 
oxidation 
Denitrification Denitrification rate SDR — mgNO, /mgVSS-d 0.03-0.11 
1% anoxic zone 
Denitrification rate SDR — mgNO, /mgVSS-d 0.015-0.045 
24 anoxic zone 
Fraction of ammonia in the mgNH,*/mg VSS 0.12 
excess sludge 
Temperature coefficient O for = 1.08-1.09 
denitrif. rate 
O, economy mgO/mgNO,- 2.86 
Alkalinity economy mgCaCO;3/mgNO,_ 3,5 


See Sections 6.3 and 6.4 for interpretation of the values 


Source: Eckenfelder and Argaman (1978), Arceivala (1981), Barnes and Bliss (1983), Sedlak (1991), 
Metcalf and Eddy (1991), Randall et al. (1992), EPA (1993) and Orhon and Artan (1994) 
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modelling, discussed in Sections 6.3 and 6.4. The design criteria for sequencing 
batch reactors are presented in Chapter 8. 


7.1.4 Design considerations 


Specific design aspects for activated sludge plants with biological nitrogen removal 
are presented next. The information was extracted from Randall et al. (1992) and 
EPA (1993). 


(a) Primary sedimentation 


Primary sedimentation offers the usual advantages related to systems without bi- 
ological nutrient removal, such as reduced volume of the reactor and reduced 
aeration capacity needs, besides reduced floating materials and solids in the super- 
natant and drained liquids from the sludge processing units. However, the primary 
sedimentation reduces the BOD:TKN ratio, which may reduce the denitrification 
rate to be achieved. This may not be a problem if a large part of the influent BOD is 
soluble. A BODs:TKN ratio >5 favours denitrification. In case primary sedimen- 
tation is included, the detention time should be reduced, and conditions should be 
provided so that part of the raw sewage can be directly by-passed to the reactor to 
increase the organic carbon necessary for denitrification. 


(b) Aeration systems 


Mechanical and diffused air aeration systems can be used. The aeration capacity 
estimated in the design should comprise the carbonaceous and the nitrogenous 
demand under peak conditions. Plug-flow reactors should provide a larger aeration 
capacity in the inlet end of the tank. Point aerators, such as mechanical aerators, 
allow the occurrence of denitrification in the reactor itself, due to the possible 
presence of anoxic zones in the reactor, on the bottom and at corners of the reactor. 
Automatic control of the dissolved oxygen is advisable and, in most of the cases, 
necessary. 


(c) Stirrers 


In the anoxic zones, the stirrers should maintain the solids in suspension, but should 
avoid the aeration of the liquid mass. The most used types of stirrers are low speed 
devices, with either vertical shaft or submerged horizontal shaft. Submersible 
stirrers are more flexible, as they allow the adjustment of the level and direction of 
the mixing, although some models have not shown a good performance, making 
the vertical shaft stirrers to be more frequently used (Randall et al., 1992). Stirrers 
are not essential in systems with intermittent aeration if the time with the aerators 
turned off is short. The power level of the stirrers varies from 5 to 10 W/m, but 
the range of lower values does not guarantee good mixing between the influent 
and the recirculated liquids. It is advisable to mix them when they enter the anoxic 
zone. The location of the stirrers is crucial for the operation, and manufacturers 
should be consulted about that. 
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Figure 7.4. Configuration of a U-shaped reactor, with internal recirculation through the 
dividing wall between the anoxic and the aerobic zones 


(d) Internal recirculation 


Nitrate pumping from the aerobic zone to the anoxic zone is a characteristic of 
systems with pre-denitrification. This frequently requires pumping from the final 
end to the initial end of the reactor. The pumping line can be above the tank wall 
or even through it. Pumping through the wall can occur in U-shaped reactors, in 
which the inlet is located close to the outlet (see Figure 7.4). 

The water level in the aerobic and anoxic zones is frequently approximately the 
same, which implies a very low pumping head. Centrifugal pumps can be used in 
smaller plants, but it is more advantageous to use low-speed, axial-flow pumps in 
larger plants, thus reducing the energy required and the introduction of oxygen into 
the anoxic zone. It is usually preferable to adopt a larger number of small pumps 
to allow a variable recycle flow. 


(e) Reactor 


The design of the anoxic and aerobic zones should allow flexibility in the entrance 
of the influent and recirculation lines. The anoxic zone can be divided into com- 
partments by submerged walls. The U-reactor facilitates the internal recirculation, 
which can be achieved through the dividing wall between the anoxic and aerobic 
zones (see Figure 7.4). 


(f) Secondary sedimentation tanks 


Activated sludge plants with biological nutrient removal are susceptible to the same 
operational problems as those of the typical activated sludge system, besides other 
problems associated with the existence of the anoxic zone. Bulking sludge can 
occur, associated with several possible causes, including low DO concentrations 
and excessive detention times in the anoxic zone. The presence of scum is also 
possible, and plants with biological nutrient removal should be designed assuming 
the presence of scum, thus providing conditions for its removal in the secondary 
sedimentation tanks. 
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7.1.5 Design example of a reactor with nitrification 
and pre-denitrification 


Design the reactor for biological nitrogen removal (nitrification and denitrification), 
in a conventional activated sludge system with pre-denitrification (anoxic zone 
followed by aerobic zone). The input data are the same as those of the example in 
Chapter 5. The data of interest are: 


Raw sewage (see Section 5.1): 


e Average influent flow: Q = 9,820 m?/d 
e Influent TKN load = 496 kg/d 
e Influent TKN concentration = 51 mg/L 


Final effluent: 
e Effluent TKN = 2 mg/L (desired) 


Primary sedimentation tank (see Section 5.3.2): 
e TKN removal efficiency in the primary sedimentation tank = 20% 
Reactor (see Section 5.3.3): 


e Sludge age = 6d 

e MLVSS = 3,000 mg/L 

e DO in the reactor: OD = 2 mg/L 

e pH in the reactor: pH = 6.8 

e Temperature of the liquid (average in the coldest month): T = 20°C 


Nitrification coefficients (adopted in this example — see Table 7.3): 


e Maximum specific growth rate (Umax) (20°C) = 0.5 d7! 

e Ammonia half-saturation coefficient (Ky) = 0.70 gNH; mê 

e Oxygen half-saturation coefficient (Ko) = 0.80 g0,/m? 

e Yield coefficient for nitrifiers (Yn) = 0.08 gNitrif/gNH,* oxidised 
e Temperature coefficient for Umax(0) = 1.1 

e O, demand for nitrification = 4.57 gO2/gNH,* oxidised 


Denitrification coefficients (adopted in this example — see Table 7.3): 


e Denitrification rate in the pre-anoxic zone (20 °C) = 0.08 kgNO, /kgVSS-d 
e Temperature coefficient for the denitrification rate (0) = 1.09 

e O production in denitrification = 2.85 g O2/gNO, reduced 

e Fraction of ammonia in the excess sludge = 0.12 kgNH,' /kgVSS 


Reactor (values adopted in this example — see Table 7.2): 


e Fraction of the reactor as pre-anoxic zone: 0.25 (25% of the volume of the 
reactor is a pre-anoxic zone) 

e Fraction of the reactor as aerobic zone: 0.75 (75% of the volume of the 
reactor is an aerobic zone) 
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e Ratio between the BOD removal rate under anoxic and aerobic conditions: 
0.7 (the BOD removal rate under anoxic conditions is 70% of the rate under 
aerobic conditions) 

e Sludge recirculation ratio: 100% 

e Internal recirculation ratio (aerobic zone to anoxic zone): 300% 


All the TKN, NH," and NO; concentrations are expressed in terms of nitrogen. 
The example uses indistinctively TKN and NH," to represent the ammonia at any 
point of the process. 


Solution: 
(a) TKN removal in the primary sedimentation 


TKN removal efficiency in the primary sedimentation tank = 20% (input data) 


TKNegr. primary = TKNint. prim.(100 — E)/100 = 496 kg/d(100 — 20)/100 
= 397kg/d = 51 mg/L.(100 — 20)/100 = 40 mg/L 


The considerations made in Section 7.1.4.a, regarding the desirability of not 
having primary sedimentation in systems with biological nutrient removal, are 
also applicable here. However, for compatibility with the design already made in 
Chapter 5, the primary sedimentation tank is maintained here in the flowsheet of 
the plant. 


(b) Volume of the reactor 


According to the conception of the reactor, 25% of the total volume is represented 
by the anoxic zone and 75% is represented by the aerobic zone (see input data of 
the problem). 

The sludge age can be divided as follows: 


e Total sludge age = 6 d (input data to the problem) 
e Aerobic sludge age = 6 x 0.75 = 4.5 d 


Volume required for the reactor (calculated in Section 5.3.7): V = 2,051 m? 

According to Table 7.2 and to what is stated in the example, the BOD removal 
rate in the anoxic zone is slower, being 70% of the removal rate in the aerobic zone. 
As 25% of the volume of this reactor consists of an anoxic zone, the total volume 
required should be multiplied by a correction factor: 


F F 2 À 
V. ( anox + aer) = 2,051 x (0 5 + 0 75) 
(0.7 x Fanox + Faer) (0.7 x 0.25 + 0.75) 


= 2,051 x 1.08 = 2,215 m? 


Viot = 


Therefore, the total volume of the reactor should be multiplied by the correction 
factor 1.08, resulting in 2,215 mê, instead of 2,051 m?. 
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The volumes of the anoxic and aerobic zones are: 
Vanox = 0.25 x 2,215 = 554 m? 
e Ver = 0.75 x 2,215 = 1,661 m? 


The total hydraulic detention time is: t= V/Q = 2,215/9,820 = 0.226 d= 5.4 hours 
The detention times in the anoxic and aerobic zones are: 


* tanox = 0.25 x 5.4 = 1.35 hours 
taer = 0.75 x 5.4 = 4.05 hours 


The detention time in the pre-anoxic zone is within the range presented in Table 7.2. 
The resultant sludge ages should also be multiplied by the correction factor 1.08: 


e Total sludge age = 6.0 x 1.08 = 6.5 d 
e Aerobic sludge age = 4.5 x 1.08 = 4.9 d 


(c) Calculation of the growth rate of the nitrifying bacteria (u,,,,) according to 
the environmental conditions in the reactor 


The calculations below follow the methodology presented in Example 6.2 
(although with data different from those of the referred to example). 


Maximum specific growth rate: max = 0.5 d”! (statement of the problem) 


Influencing factors on max (see statement of the problem): 


e Ammonia concentration in the reactor: NH," = 2 mg/L (desired concen- 
tration for the effluent) 

e DO concentration in the reactor: DO = 2 mg/L 

e pH in the reactor: pH = 6.8 

e Temperature: T = 20 °C 

e Effect of the ammonia concentration: 


= NH l-05.[ 2º | os 
PE NE JOE) 


(max correction factor = 0.37/0.50 = 0.74) 


e Effect of the DO concentration in the reactor: 
According to Equation 6.8 and Table 6.5: 


DO 2.0 
= -| ———_ | = 0.5. | —— | = 0.36 
H= Hon | ES =O TG | 


(Umax correction factor = 0.36/0.50 = 0.72) 
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e Effect of the pH in the reactor: 
According to Equation 6.7: 


Hmax(pH) = Umax l ~ 0.83(7.2 ~ pH)] 
= 0.5 x [1 — 0.83 x (7.2 — 6.8)] = 0.33 


(Umax correction factor = 0.33/0.50 = 0.66) 


e Effect of the temperature: 
According to Equation 6.6, and adopting O = 1.10: 
icy = tee = 0.50 eo = 0.50 d~! 


(Hmax correction factor = 0.50/0.50 = 1.00) (without alteration, because 
the temperature is equal to the standard temperature) 


e Integrated effect of the environmental conditions (multiple correction 
factor): 


0.74 x 0.72 x 0.66 x 1.00 = 0.35 


The specific growth rate of the nitrifying bacteria under these environ- 
mental conditions is 35% of the maximum rate (uy = 0.35-Lmax). There- 
fore, uy is: 


uy = 0.35 X Umax = 0.35 x 0.50 = 0.18 d7! 
(d) Minimum aerobic sludge age required for total nitrification 


According to Equation 6.9, the minimum aerobic sludge age required for total 
nitrification is: 
0 : : 5.6d 
° uy 018 7 

The aerobic sludge age obtained in the design is 4.9 days, therefore being lower 
than the minimum required value of 5.6 days to ensure full nitrification under the 
specified environmental conditions. The aerobic sludge age can be increased by 
increasing the volume of the aerobic zone, by increasing the MLVSS concentra- 
tion, or by increasing the aerobic fraction of the reactor, until the minimum value 
required is reached. However, no changes are made in this example, and it is only 
verified whether the effluent ammonia concentration is still acceptable under these 
conditions. 


(e) Calculation of the fraction of nitrifiers in the mixed liquor volatile 
suspended solids 


The calculations below follow the methodology presented in Example 6.4 
(although with data different from those of the referred to example). 
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e Net production of biological solids in the reactor: 


Net Px, = 1.026 kgVSS/d (calculated in Section 5.3.6.b; this value is not 
affected by the increased volume of the reactor, because the BOD load 
removed remained the same) 


e Ammonia load to be oxidised: 


Influent TKN load = Q -TKN, = 9820 x 40/1000 = 393 kg/d 

Effluent TKN load = Q-TKN, = 9820 x 2/1000 = 20 kg/d 

TKN load in the excess sludge = (ammonia fraction in the excess 
sludge) x Pyy = 0.12 x Px, = 0.12 x 1,026 = 123 kg/d 

TKN load to be oxidised = influent TKN — effluent TKN — TKN in excess 
sludge = 393 — 20 — 123 = 250 kg/d 


e Production of nitrifying bacteria: 


According to Equation 6.13, the production of nitrifying bacteria is: 
Pyn = AXn/At = Yn-TKNoxidised = 0.08 x 250 = 20kgXyjq 


e fy ratio 
The fy ratio, which corresponds to the fraction of nitrifying bacteria in the 
volatile suspended solids (Xn/X,), can then be calculated by the quotient 
between the production of Xy and the production of Xy (Equation 6.11): 


PaN 2 
P,, 1,026 


fy = = 0.019 gXy/gXy 


In this case, the nitrifying bacteria represent 1.9% of the total biomass (expressed 
as MLVSS). 


(f) Calculation of the nitrification rate 


According to Equation 6.15, the nitrification rate is given by: 


ATKN . Xv 3,000 x 0.18 
= fy. gig. = ested 
At Yn 0.08 


The TKN load susceptible to being oxidised is (Equation 6.16): 


Vaer ATKN 1,661 
10 At 1,000 


Lrkn = x 128 = 213 kgTKN/d 

This value of 213 kgTKN/d is lower than the expected value to be oxidised 
(250 kgTKN/d, calculated in Item fabove). Therefore, the concentration of effluent 
TKN will be higher than the concentration initially assumed (2 mg/L). If this value 
were higher than 250 kgTKN/d, the load liable to be oxidised would naturally be 
250 kgTKN/d. 
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(g) Calculation of the concentration of effluent ammonia 


e Calculation of the TKN loads: 


Influent TKN load = 393 kg/d (calculated in Item e) 
TKN load in the excess sludge = 123 kg/d (calculated in Item e) 
TKN load liable to be oxidised = 213 kg/d (calculated in Item f) 


Effluent TKN load = influent TKN — TKN in the excess sludge — TKN 
liable to be oxidised = 393 — 123 — 213 = 57kg/d 
e Concentration of effluent TKN: 


effluent load _ 57 x 1,000 


TKN, = = 
flow 9,820 


= 6 mgTKN/L 


The concentration of effluent TKN (or ammonia) in the system is, therefore, 
6 mg/L. The value initially assumed had been 2 mg/L. Since this value influences 
the calculation of uy, the calculations of Item d can be redone by using the 6 mg/L 
concentration, and so forth, until a convergence is obtained, with an ammonia 
value between 2 and 6 mg/L. However, the difference obtained in this first iteration 
is not great, which justifies the fact that the iterative calculations are not made in 
this example. 


(h) Ammonia removal efficiencies 


The efficiency of the system in the removal of TKN is: 
E = (TKN, — TKN,)/TKN, = (51 — 6)/51 = 0.88 = 88% 


(i) Mass of VSS in the pre-anoxic zone 
Volume of the pre-anoxic zone: Vanox = 554 m? (calculated in Item b) 


Mass of VSS in the pre-anoxic zone = Vanox:Xy/1000 = 554 x 3,000/1,000 = 
1,662 kgVSS 


(j) Recirculation of nitrates to the anoxic zone 
According to the statement of the problem: 


e Sludge recirculation ratio: Rsiuage = 1.0 (100%) 

e Internal recirculation ratio (from the aerobic zone to the anoxic zone): 
Rint = 3.0 (300%) 

e Total recirculation ratio: Riot = 1.0 + 3.0 = 4.0 


(1) Specific denitrification rate 


SDR = 0.08 kgNO, /kgVSS-d (20°C) 
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Correction for temperature (Equation 6.29): 
SDRr = SDRy92c:0'T = 0.08 x 1.097) = 0.08 kgNO; /kgVSS-d 


No correction was necessary due to the fact that the average temperature of the 
liquid in the coldest month is 20°C. Accordingly, there is no need for correction 
due to the presence of DO (Equation 6.27), since it is assumed that the DO in the 
anoxic zone is equal to zero. 


(m) Nitrate loads 


e Load of NO, produced in the aerobic zone = load of oxidised TKN = 
213 kg/d (calculated in Item g) 

e Load of NO; recirculated to the anoxic zone by the return of sludge = 
213 x Rauage(Riot + 1) = 213 x 1.0/(4.0 + 1) = 43 kg/d 

e LoadofNO, recirculated to the anoxic zone by the internal recirculation = 
213 x Rint/(Rtot + 1) = 213 x 3.0/(4.0 + 1) = 128 kg/d 

e Load of total NO; recirculated = 43 + 128 = 171 kg/d 

e Load of NO, liable to reduction in the pre-anoxic zone = SDR x 
VSS mass = 0.08 x 1662 = 133 kg/d 


As this value of 133 kg/d is lower than the total load recirculated (171 kg/d), 
the nitrate load to be really reduced will be 133 kg/d. If the value of the load 
susceptible to reduction were higher than 171 kg/d, the load to be really reduced 
would naturally be 171 kg/d. 

A means to increase the load susceptible to reduction would be to increase the 
MLVSS concentration or the volume of the anoxic zone. In this example, such 
changes are not made, and the concentration of effluent nitrate is calculated taking 
into account the conditions initially assumed. 


¢ Load of effluent NO; = Load of NO; produced — Load of NO; to 
denitrify = 213 -133 = 80 kg/d 
(n) Concentration of effluent nitrate 


effluent load o 80 x 1,000 


NO = = 
a flow 9,820 


= 8 mgNO, /L 


Removal efficiency of the nitrate formed: 
E = (load produced — effluent load)/load produced 
= (213 — 80)/213 = 0.62 = 62% 


(o) Summary of the nitrogen concentrations 
e Influent (raw sewage): 


Total nitrogen = 51 mg/L (assuming that the total nitrogen in the influent 
is the same as TKN) 
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e Final effluent: 
Ammonia = 6 mg/L (calculated in Item g) 
Nitrate = 8 mg/L (calculated in Item n) 
Total nitrogen = 6 + 8 = 14 mg/L 


(p) Summary of the removal efficiencies 


e Ammonia removal efficiency: E = 88% (calculated in Item h) 
e Nitrate removal efficiency: E = 62% (calculated in Item n) 
e Total nitrogen removal efficiency: E = (51 — 14)/51 = 73% 


These values meet the European Community’s Directive (CEC, 1991) for dis- 
charge of urban wastewater in sensitive water bodies, for the population range 
between 10,000 inhabitants and 100,000 inhabitants, which means a total nitrogen 
concentration lower than 15 mg/L or a minimum removal efficiency between 70 
and 80%. If the population were larger than 100,000 inhabitants, the total nitrogen 
removal should be optimised to allow the compliance with the stricter standard, 
which is, in this case, 10 mg/L of total nitrogen. 


(q) Oxygen consumption 


O, consumption for nitrification = 4.57 x load of TKN oxidised (Equation 6.17) 
= 4.57 x 213 kg/d = 973 kgO./d 


O» economy with denitrification = 2.86 x load of reduced NO37 (Section 6.4.2.a) 
= 2.86 x 133 kg/d = 380 kgO,/d 


7.2 BIOLOGICAL REMOVAL OF NITROGEN 
AND PHOSPHORUS 


7.2.1 Processes most frequently used 


This section presents a description of the main processes used for the combined 
removal of nitrogen and phosphorus. The processes employed for the removal of 
phosphorus alone are not discussed here, due to the difficulties they face in the 
presence of nitrates in the anaerobic zone. In warm-climate regions, nitrification 
occurs almost systematically in activated sludge plants. Thus, if an efficient deni- 
trification is not provided in the reactor, a considerable amount of nitrates will be 
returned to the anaerobic zone through the recirculation lines, hindering the main- 
tenance of strictly anaerobic conditions. For this reason, the removal of nitrogen 
is encouraged, even if, under some conditions, the removal of only phosphorus 
would be necessary in terms of the receiving body requirements. 

The main processes used for the combined removal of N and P are (see 
Figure 7.5): 


e A?O process (3-stage Phoredox) 
e 5-stage Bardenpho process (Phoredox) 
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Figure 7.5. Main processes for the combined removal of nitrogen and phosphorus 


e UCT Process 
e Modified UCT Process 
e Intermittent operation reactors (sequencing batch reactors) 


The literature presents divergent nomenclature with relation to some processes, 
in view of variations between commercial and technical names. A brief description 
of the main variants is presented below (WRC, 1984; Sedlak, 1991). 
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(a) A?O Process (3-stage Phoredox) 


The name A2O originates from “anaerobic/anoxic/aerobic”, which describes the 
basic flow line of the process. In other locations, this variant has been named 
Phoredox. Nitrogen removal results mainly from the internal recirculation from 
the aerobic zone to the anoxic zone. The alternation between anaerobic and aerobic 
conditions, necessary for phosphorus removal, is reached by means of the sludge 
recirculation, which is directed to the anaerobic zone. A high denitrification effi- 
ciency is required because the return of nitrates to the anaerobic zone can harm 
phosphorus removal. 


(b) Five-stage Bardenpho process (Phoredox) 


This process is similar to the four-stage Bardenpho (Section 7.1.1.c), with the 
inclusion of one anaerobic zone upstream. The returned sludge is directed to the 
anaerobic zone. The sludge age is usually higher than in other processes, ranging 
from 10 to 30 days. 


(c) UCT Process (University of Cape Town) 


The UCT process consists of three zones (anaerobic, anoxic and aerobic). The 
main aspect that distinguishes the UCT process from the others is that it prevents 
nitrates from returning to the anaerobic zone. In view of that, the recirculation of 
sludge is directed to the anoxic zone, and not to the anaerobic zone. There are two 
internal recirculations, as follows: (a) recirculation from the anoxic zone to the 
anaerobic zone (R = 100 to 200%), and (b) recirculation from the aerobic zone to 
the anoxic zone (R = 100 to 200%). The anoxic zone should provide denitrification 
capacity to the load of nitrates recirculated to avoid their return to the anaerobic 
zone. The VIP process (Virginia Initiative Plant) is similar to the UCT process. 


(d) Modified UCT process 


The modified UCT process separates the anoxic zone into two. The first zone re- 
ceives the return sludge, and allows the recirculation from the anoxic zone to the 
anaerobic zone. This first zone is used to reduce only the nitrates from the sludge 
recirculation line. The second anoxic zone receives the internal recirculation from 
the aerobic zone, being the zone where most of the denitrification occurs. In separat- 
ing this second anoxic zone from the first one, which recirculates to the anaerobic 
zone, the nitrate in excess can be recirculated without harming the process. To 
allow flexibility to operate as UCT or modified UCT process, the recirculation 
system to the anaerobic zone should be installed from both anoxic zones. 


(e) Sequencing batch reactors 


The sequencing batch process is similar to that described in Section 7.1.1.e., 
and includes, at the beginning of the operational cycle, an anaerobic stage. 
The sequence comprises the aerobic reaction, anoxic reaction, sedimentation and 


Design of continuous-flow systems for biological nutrient removal 


179 


Table 7.4. Capacity of the processes to meet different phosphorus discharge standards 


Effluent: 0.5 mgP/L 


Effluent: 1.0 mgP/L Effluent: 2.0 mgP/L 


Biol Biol Biol 

Biol Biol +C Biol Biol +C Biol Biol +C 
Process Biol +C +F +F Biol +C +F +F Biol +C +F +F 
A?O/3-stage N N N Y Vv di V Y Y Y Y Y 
Phoredox. 
5-stage N N N Y v Yy* V Y Y Y Y Y 
Bardenpho/ 
Phoredox 
UCT/VIP/ N N N Y yo Y” V Y Y Y Y Y 
Modif. UCT 
Sequencing N N N Y Ve yY M Y Y Y Y Y 
batch reactor 
Biol = only biological treatment Biol + C = biol. treatment + coagulant 
Biol + F = biol. treatment. + filtration Biol + C + F: = biol treatment. + coagulant + filtration 


N = No: does not comply with the P standard V = meets P standard in a variable or marginal form 
Y = Yes: complies with the P standard Y* = meets P standard with a highly efficient clarification 
Source: Adapted from EPA (1987b) 


Table 7.5. Typical concentrations of total nitrogen and ammonia in the effluent, and 
sensitivity to low BODs:P ratio values in the influent 


Ammonia N total Sensitivity to low 
Process (mg/L) (mg/L) BOD::P values (*) 
A?0/3-stage Phoredox. <5 6-12 High 
5-stage Bardenpho/Phoredox <5 <6 High 
UCT/VIP/Modif. UCT <5 6-12 Low 
Sequencing batch reactor <5 6-12 Variable with the cycle 


(*): desirable: values of the BODs:P ratio higher than 20 
Source: Adapted from Sedlak (1991) 


supernatant withdrawal phases. Further details on sequencing batch reactors are 
found in Chapter 8. 


7.2.2 Selection among the biological nitrogen and phosphorus 
removal processes 


Tables 7.4 and 7.5 present a comparison among the main processes used for bio- 
logical phosphorus removal. Effluent polishing is also included, in case very high 
quality standards for the effluent are necessary. The effluent polishing processes 
considered are: 


e addition of coagulant agents (metallic ions): phosphorus precipitation 

e filtration of the effluent: removal of the phosphorus present in the suspended 
solids 

e combined addition of coagulants and filtration 
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Table 7.6. Design criterion for biological nitrogen and phosphorus removal 


5-stage 
AZO/3-stage Bardenpho/ 
Parameter Phoredox UCT/VIP Phoredox 
MLVSS (mg/L) 2000-4000 1500-3500 1500-4000 
Total ©. (d) 5-10 5-10 10-30 
Aerobic 0, (d) >5 >5 >8 
HDT — anaerobic zone (hour) 0.5-1.5 1.0-2.0 1.0-2.0 
HDT — 1º anoxic zone (hour) 0.5-1.0 2.0—4.0 2.0—4.0 
HDT — aerobic zone (hour) 3.5-6.0 2.5-4.0 4.0-12.0 
HDT - 2" anoxic zone (hour) = = 2.0-4.0 
HDT — final aerobic zone (hour) = = 0.5-1.0 
BOD removal ratio — anoxic zone/ 0.7 0.7 0.7 
aerobic zone 
Sludge recirculation ratio Rstudge 20-50 50-100 50-100 
(Q,/Q) (%) 
Aerobic to anoxic recirculation ratio 100-300 100-200 300-500 ratio 
(Quer/Q) (Yo) 
Anoxic to anaerobic recirculation ratio — 100-200 — 
(Qanox/Q) (%) 
Power level in the anoxic and anaerobic zones 5-10 5-10 5-10 
(W/m?) 
Average DO in the aerobic zone 2.0 2.0 2.0 


Source: Adapted from IAWPRC (1987), Metcalf and Eddy (1991), Randall et al. (1992), EPA (1987b, 
1993) 


7.2.3 Design criterion for the biological removal of nitrogen and 
phosphorus 


The main design criteria and parameters for the design of activated sludge sys- 
tems with biological removal of nitrogen and phosphorus are presented in Ta- 
bles 7.6 and 7.7. The coefficients and rates related to nitrification and denitrifica- 
tion are listed in Table 7.3. The design of sequencing batch reactors is presented in 
Chapter 8. 

Aspects of importance in the design and operation, which can affect the perfor- 
mance of the plant, are found in Section 6.5.2. Several considerations about design, 
covered in the section related to biological nitrogen removal (Section 7.1.4), are 
also valid for biological phosphorus removal. 


7.2.4 Design example of a reactor for biological 
phosphorus removal 


Design the anaerobic zone of the reactor from the example in Section 7.1.5, so that 
the system can also remove phosphorus biologically. The data of interest are: 


Influent: 


e Average influent flow: Q = 9,820 m3/d 
e Phosphorus concentration in the raw sewage: Ping = 12 mg/L 
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Table 7.7. Typical values of the rates and kinetic and stoichiometric coefficients for the 
modelling of biological phosphorus removal 


Coefficient or rate Unit Range or typical values 

Fraction of rapidly biodegradable — 0.15-0.30 (raw sewage) 

influent COD (fp) 0.20-0.35 (settled sewage) 

COD/BODs ratio in the influent mgCOD/mgBODs 1.7-2.4 

Yield coefficient (Y) mgVSS/mgBOD; 0.4-0.8 

Coefficient of endogenous d7! 0.08-0.09 

respiration of the 

biodegradable SS (Kg) 

Biodegradable fraction of the mgSS,/mgVSS 0.55-0.70 (conventional 

VSS (Xp/X,) (fo) activated sludge) 
0.40-0.65 (extended aeration) 

VSS/SS (X,/X) ratio mgVSS/mgSS 0.70-0.85 (conventional 


activated sludge) 
0.60-0.75 (extended aeration) 


Use of the coefficients and rates: see Item 6.5.3 
Source: WRC (1994), von Sperling (1996a, 1996b). See also Tables 3.1 and 3.2 


e Phosphorus removal efficiency in the primary sedimentation: 
20% (adopted) 

e BOD concentration in the settled sewage: BOD = 239 mg/L (calculated in 
Section 5.3.2) 

e COD/BOD ratio in the influent = 1.8 (adopted) 

e Rapidly biodegradable fraction of the influent COD: fi = 0.25 (Table 7.7, 
system with primary sedimentation) 


Coefficients and ratios: 


e Y= 0.6 mgVSS/mgBOD (adopted in Section 5.2.a) 

e Ky = 0.08 d7! (adopted in Section 5.2.a) 

e §SS,/VSS ratio: f, = 0.73 mgSS,/VSS (calculated in Section 5.3.3) 

e VSS/SS ratio in the reactor: VSS/SS = 0.77 (calculated in Section 5.3.6.c) 


Reactor: 
e Sludge age: O = 6d (adopted in Section 5.3.1.b) 


Effluent: 


e Effluent soluble BOD: S = 4 mg/L (calculated in Section 5.3.3) 
e Suspended solids: SSeg = 30 mg/L (adopted in Section 5.1) 


Solution: 


(a) Removal of P in the primary sedimentation tank 
The concentration of P in the effluent from the primary sedimentation tank is: 
Peff prim = Ping prim‘(100 — E)/100 = 12 x (100 — 20)/100 = 9.6 mg/L 
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(b) Volume of the anaerobic zone 


The volume of the reactor with nitrogen removal, determined in Example 7.1.5.c, 
is 2,215 m°, with a total hydraulic detention time of 5.4 hours (pre-anoxic and 
aerobic zones). 

From Table 7.6, a hydraulic detention time in the anaerobic zone of 1.2 hours 
may be adopted. The total detention time will then be: 


trot = 5.4 + 1.2 = 6.6 hours 


The f,, ratio between the volume of the anaerobic zone and the total volume is 
proportional to the ratio between the detention times: 


fan = Vanaer/Vtot = 1.2/6.6 = 0.18 
The volume of the anaerobic zone is: 
V =t-Q = 1.2 x 9,820/24 = 491 m? 
(c) Fraction of P in the suspended solids 
e Influent COD: 
COD = BOD x (COD/BOD ratio) = 239 x 1.8 = 430 mg/L 
e Propensity factor for phosphorus removal (Equation 6.30): 
Pr = (fæ: COD — 25)-fan = (0.25 x 430 — 25) x 0.18 = 14.9 
e Phosphorus fraction in the active biomass (Equation 6.31): 
P/X, = 0.35 — 0.29.07 042s — 0,35 — 0.29.7042 x 14.9 
= 0.34 mg P/mg Xa 


e Ratio between active SS and volatile SS (Equation 6.32): 


1 1 
fa = = 
1+0.2-Kg-0, 1+0.2 x 0.08 x 6 


= 0.91 mgX,/mgX, 


e Fraction of P in the volatile suspended solids (Equation 6.35): 
P/X, = fy-(P/X,) = 0.91 x 0.34 = 0.3ImgP/mgVSS 
e Fraction of P in the total suspended solids (Equation 6.36): 


VSS 
P/X= (SS) mex) = 0.77 x 0.91 x 0.34 = 0.24 mgP/mgSS 
This result indicates that the system is able to allow a high accumulation of P 
in the suspended solids of the excess sludge, representing 24% of the mass of the 
SS. In terms of design, it is more suitable to work with a safety factor. A maximum 
value of 7% is suggested in Section 6.5.4.a, which is usual in a large number of 
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wastewater treatment plants with biological phosphorus removal. Therefore, the 
P/X and P/X,ratios should be corrected in view of this maximum suggested value 
of 0.07. 


e Correction of the fraction of P in the total suspended solids, for the maxi- 
mum limit of 7% 


P/X = 0.07 mgP/mgSS 


e Correction of the fraction of P in the volatile suspended solids, for the 
maximum limit of 7% in the P/X ratio: 


P/X, = (P/X)/(VSS/SS) = 0.07/0.77 = 0.09 mgP/mgVSS 
(d) Removal of P with the excess sludge 


e Concentration of P removed with the excess sludge (Equation 6.40): 
Pen = bs (P/X,)- (So — S) 
a | + fp Kg:0c y E 
o 0.6 
~ 140.73 x 0.08 x 6 
= 0.44 x 0.09 x 235 = 9.3 mgP/L 


x 0.09 x (239 — 4) 


If this removal value (9.3 mg/L) were higher than the concentration of influent 
P to the biological stage (in this example, 9.6 mg/L), it should be assumed that the 
removal is equal to the influent concentration, that is, generating a concentration 
of effluent soluble P equal to zero. 


(e) Effluent P concentrations 
e Effluent soluble P (Equation 6.41): 
Poot eff = Prot inf — Prem = 9.6 — 9.3 = 0.3 mgP/L 
e Effluent particulate P (present in the effluent SS) (Equation 6.42): 
Poart eff = SSe (P/X) = 30 x 0.07 = 2.1 mgP/L 
e Effluent total P (Equation 6.43): 
Prot eff = Psot eff + Ppart em = 0.3 + 2.1 = 2.4mgP/L 


It is observed that most of the effluent phosphorus is associated with the efflu- 
ent SS. If lower concentrations of P are desired, around | mg/L, a very efficient 
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secondary sedimentation should be adopted, or the SS removal should be supple- 
mented by polishing with dissolved air flotation or sand filtration. 


(f) P removal efficiency 


e Total efficiency: 


Pint — Pe 12.0 — 2.4 
— Pint = Pet) «gg — 12028) 100 = 80% 


E 
Par 12.0 


8 


Intermittent operation systems 
(sequencing batch reactors) 


8.1 INTRODUCTION 


Although use of intermittent operation reactors (sequencing batch reactors — SBR) 
started many decades ago, it was from the early 1980s that this technology became 
more widespread and used in the treatment of a larger diversity of effluents. This is 
partially due to a better knowledge of the system, to the use of more reliable effluent 
withdrawal devices, to the development of a more robust instrumentation and to 
the use of automated control by microprocessors. In the past few years, in view of 
the growing concern with the discharge of nutrients in watercourses, sequencing 
batch reactors have been modified to accomplish nitrification, denitrification and 
biological phosphorus removal. 


8.2 PRINCIPLES OF THE PROCESS 


The principle of the intermittent operation activated sludge process consists in 
the incorporation of all the unit operation and processes usually associated with 
the conventional treatment by activated sludge (primary sedimentation, biological 
oxidation and secondary sedimentation) in a single tank. Using a single tank, these 
processes and operations simply become sequences in time, and not separate units 
as in the conventional continuous-flow processes. The intermittent flow activated 
sludge process can also be used in the extended aeration mode, in which the single 
tank also incorporates sludge digestion. 


© 2007 IWA Publishing. Activated Sludge and Aerobic Biofilm Reactors by Marcos von Sperling. 
ISBN: 1 84339 165 1. Published by ITWA Publishing, London, UK. 
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Table 8.1. Stages in a typical operational cycle of sequencing batch reactor for carbon 
removal 


Stage Scheme Aeration Description 


* The fill operation consists of the addition of 
sewage and substrate for microbial activity. 
The fill cycle can be controlled by float valves to 
a pre-established volume or by timers for systems 
with more than one reactor. A simple method that 
is ordinarily applied to control the fill cycle is 
based on the volume of the reactor, resulting in 
fill times inversely related to the influent flow. 
The fill phase can include several operational 
phases, and is subject to several control modes, 
=> named static fill, fill with mixing, and fill with 
Fill [DD onoff reaction. 
The static fill involves the introduction of the 
influent without mixing or aeration. This type of 
filling is more common in plants for nutrient 
removal. In these applications, the static fill is 
followed by a fill with mixing, so that the 
microorganisms are exposed to a sufficient 
amount of substrate, while anoxic or anaerobic 
conditions are maintained. Both mixing and 
aeration are performed in the fill with reaction 
stage. 
The system can alternate among static fill, fill 
with mixing and fill with reaction throughout the 
operational cycle. 


The objective of the reaction stage is to complete 
the reactions started during the fill stage. 

The reaction stage can comprise mixing, aeration 
or both. As in the case of the fill phase, the 
desired processes can require alternated aeration 
cycles. 

The duration of the reaction phase can be 

React on controlled by timers, by the level of the liquid or 
by the degree of treatment, through the 
monitoring of the reactor. 

Depending on the amount and duration of the 
aeration during the fill phase, there may or may 
not be a dedicated reaction phase. 


« 


The solids—liquid separation occurs during the 
sedimentation phase, similar to the operation of a 
secondary sedimentation tank in a conventional 
plant. 

The sedimentation in an intermittent system can 
be more efficient than in a continuous-flow 
sedimentation tank, due to more quiescent 
conditions of the liquid in a sequencing batch 
tank, with no interference of liquids entering and 
leaving. 


Settle 


off 
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Table 8.1 (Continued ) 


Stage Scheme Aeration Description 
* The clarified effluent (supernatant) is removed 
during the draw phase. 
Draw —p— o off * Drawing can be carried out by several 
mechanisms, the most frequently used ones being 
floating or adjustable weirs. 


* The final phase is named idle, and is only used in 
applications with several tanks. 

* The main objective is to adjust the operational 
cycle of one reactor with the operational cycle of 
another reactor. 

Jale [=| onon: * The time intended for the idle phase depends on 
the time required by the preceding tank to 
complete its cycle. 

e Wastage of excess sludge usually happens in this 
phase. 


Source: Adapted from EPA (1993) 


The process consists of complete-mix reactors where all treatment stages occur. 
This is attained by the establishment of operational cycles with defined duration. 
The biological mass remains in the reactor during all the cycles, thus eliminat- 
ing the need for separate sedimentation tanks and sludge recirculation pumping 
stations. This is the essence of a sequencing batch reactor: biomass retention with- 
out the need for sludge recirculation by pumping. By preserving the biomass in the 
system, the sludge age becomes higher than the hydraulic detention time, which 
is a fundamental feature of the activated sludge process. The usual stages in the 
treatment cycle are summarised in Table 8.1. 

The usual duration of each cycle can be altered in view of the variations of the 
influent flow, the treatment requirements and the characteristics of the sewage and 
biomass in the system. 

The excess sludge is generally wasted during the last phase (idle). However, 
since this phase is optional, because its purpose is to allow an adjustment among the 
operational cycles of each reactor, the wastage may occur in other phases of the pro- 
cess. The quantity and frequency of the sludge wastage are established according 
to the performance requirements, as in conventional continuous-flow processes. 

The plant usually has two or more sequencing batch reactors operating in paral- 
lel, each one in different stages of the operational cycle. This need is compulsory 
in systems that receive inflow during all day (such as domestic sewage), because a 
reactor in the sedimentation stage, for example, is not able to receive influent. At 
this time, the influent is being directed to another reactor, which is in the fill phase. 
In plants receiving wastewater intermittently, such as in industries that work only 
8 hours per day, there may be just one reactor, that works in fill (and possibly react) 
phase for 8 hours, and carries out the other stages of the cycle in the subsequent 16 
hours. Figure 8.1 shows schematically a plant with three sequencing batch reactors 
in parallel. 
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SEQUENCING BATCH REACTORS 
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Note: during each cycle, reactors 1, 2 and 3 alternate 
each other in the functions of fill, react, settle and draw 


Figure 8.1. Arrangement with three sequencing batch reactors in parallel 


8.3 PROCESS VARIANTS 


Several modifications have been incorporated into the process, in order to achieve 
different objectives in the wastewater treatment. These changes refer both to the 
form of operation of the system (continuous feeding and discontinuous drawing) 
and to the sequence and duration of the cycles associated with each phase of the 
process. The variations presented can also be used for the treatment of industrial 
effluents (Goronszy, 1997). Examples of process variants are presented next, some 
of them being protected by patent. 


(a) Sequencing batch reactor for biological nitrogen removal 


Biological nitrogen removal can be reached by the incorporation of an anoxic 
stage after the aerobic reaction stage (Figure 8.2). In this case, there is a post- 
denitrification stage, which can be easily accomplished, although it occurs under 
endogenous respiration conditions, that is, at lower denitrification rates, due to the 
smaller availability of organic carbon. 

If very low nitrogen values are not required, then a post-anoxic stage will not 
be necessary. In this case, a substantial amount of nitrate can be removed in a 
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Figure 8.2. Sequencing batch reactor for removal of carbon and nitrogen 
(post-denitrification) 
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Figure 8.3. Sequencing batch reactor for the removal of carbon and nitrogen 
(pre-denitrification) 


pre-anoxic period during fill, and the carbon from the raw sewage will be used 
for pre-denitrification (Figure 8.3). The ratio between the fill volume and the total 
volume of the reactor determines the maximum level that nitrogen removal can 
be reached. The lower the ratio between the fill volume and the total volume, the 
larger the nitrogen removal, assuming that all the nitrate is reduced prior to the 
beginning of aeration (Randall et al., 1992). 


(b) Sequencing batch reactor for biological phosphorus removal 


The adaptation of the process for biological removal of phosphorus is made by 
the creation of a sequence of anaerobic conditions followed by aerobic conditions, 
provided that there is sufficient rapidly biodegradable organic matter during the 
anaerobic phase. Thus, the basic configuration of the operational cycles for the 
removal of BOD and suspended solids, as presented in Table 8.1, is changed in 
order to incorporate an anaerobic period. In this configuration (Figure 8.4), the 
incorporation of BOD and the release of phosphorus occur during the anaero- 
bic reaction phase, with subsequent excess phosphorus incorporation and carbon 
oxidation occurring during the aerobic reaction phase. The operation of the sys- 
tem under these conditions is able to reduce the total phosphorus levels to less 
than 1 mg/L in the effluent, with no need of supplementary addition of chemical 
products (WEF/ASCE, 1992). 
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Figure 8.4. Sequencing batch reactor for the removal of BOD and phosphorus 
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Figure 8.5. Sequencing batch reactor for the removal of BOD, nitrogen and phosphorus 
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Figure 8.6. Cyclic Activated Sludge System (CASS) 


(c) Sequencing batch reactor for biological removal of phosphorus 
and nitrogen 


The operational cycles of the process can be modified to reach the combined 
oxidation of carbon and nitrogen and the removal of nitrate and phosphorus, as 
illustrated in Figure 8.5. The main difference is the incorporation of an anoxic phase 
after the aerobic reaction phase. Simultaneous removal of N and P is advantageous: 
if the system nitrifies but is not able to denitrify, the remaining nitrates will affect the 
conditions for creating a truly anaerobic environment during the anaerobic phase. 


(d) Cyclic Activated Sludge System 


The Cyclic Activated Sludge System (CASS) is patented. Its operation is similar 
to that of other intermittent systems (see Figure 8.6). The differentiating element is 
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Figure 8.7. Intermittent Cycle Extended Aeration System (ICEAS) 


the incorporation of a selector (see Chapter 10 for the concept of selectors), which 
can receive a continuous inflow. The selector is a baffled compartment, where 
the raw or settled sewage is mixed with return sludge (non-existent in most of the 
SBR versions). The liquid effluent from the selector enters the reaction zone. When 
limiting or eliminating the aeration in the selector, the organic matter concentration 
is high and oxygen becomes deficient. These conditions apparently favour the 
growth of floc-forming bacteria and the inhibition of filamentous bacteria, which 
improves the settleability of the sludge (EPA, 1993). 


(e) Intermittent Cycle Extended Aeration System 


The Intermittent Cycle Extended Aeration System (ICEAS) is patented (see 
Figure 8.7). Its main characteristic is that there is entrance of influent in all the stages 
of the cycle, differently from other variable volume variants. The inlet compartment 
aims at ensuring that the flow and load variations are evenly distributed among the 
reactors, preventing peak flows or shock loads from continuously overloading a 
tank. Another advantage of the continuous-flow regime of the ICEAS is the sim- 
plified control of the inflow, compared with other intermittent inflow variants. As 
there is influent entrance all the time, the ICEAS does not provide total quiescence 
during the sedimentation phase, differently from the intermittent flow versions. 
The ICEAS also uses an anoxic selector to allow denitrification and promote the 
growth of floc-forming bacteria, inhibiting the filamentous bacteria (EPA, 1993). 


(£) Alternated aeration activated sludge system 


This variant has been patented by the Federal University of Minas Gerais, Brazil, 
and further details of the process can be found in von Sperling (2002). The inflow 
and outflow are continuous and the water level is constant, which are advantages 
of the continuous-flow systems. There is an increase in the total reactor volume 
from 33 to 50% (compared with reactors from continuous-flow activated sludge 
systems) to account for the volume of sedimentation. Figures 8.8 and 8.9 illustrate 
the conception and the operating principle of the system. 

In this system, the reactor is divided into, say, three reactors, with commu- 
nicating openings among them, which guarantees the constant water level in all 
chambers. The reactors have a high length/breadth ratio, with the influent entering 
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Figure 8.8. Alternated aeration activated sludge, composed of three reactors 
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Figure 8.9. Schematics of a reactor from the alternated aeration activated sludge system 


simultaneously in the inlet end of all reactors. The effluent leaves from one reactor 
at a time (alternately), at the opposite end of the tank. The aeration system in the 
three reactors operates in an intermittent and alternated basis. In one reactor the 
aerators are switched off, in which occasional solids settlement takes place, fol- 
lowed by the supernatant (effluent) withdrawal. In the other reactors the aerators 
are switched on, the biomass is in suspension, and the biochemical reactions take 
place. In these reactors, in which the biomass is suspended, there is no effluent 
withdrawal. After a certain period, the reactors in sedimentation and in reaction 
alternate in such a way that at the end of the cycle, all reactors have performed the 
roles of reaction and sedimentation/withdrawal. 

Because there is only one reactor in sedimentation, while the other two are 
under reaction, it may be assumed that this reactor corresponds to the secondary 
sedimentation tank, with an increase of 50% (or 1 in sedimentation/2 in reaction) 
of the total volume required for reaction. In case the system has a total of four 
reactors, with only one under sedimentation, the increase will be of only 33% (1 in 
sedimentation/3 in reaction). 

Depending on the treatment objectives, other phases can be incorporated, such 
as anoxic and anaerobic, for biological nutrient removal. 


8.4 DESIGN CRITERIA FOR SEQUENCING 
BATCH REACTORS 


The design criteria for the traditional sequencing batch reactor (intermittent in- 
flow and outflow), as described in Section 8.2, are presented below. The design 
of the reactor uses the basic criteria and parameters of the continuous-flow ac- 
tivated sludge systems, with special considerations on the hydraulic and organic 
loading aspects. Thus, the determination of the volume of the reactor should meet 
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the following aspects: (a) kinetic criteria for carbon (and nitrogen and phosphorus, 
if applicable) removal, and (b) need to adapt the operating cycles to the influent 
flows (Chernicharo and von Sperling, 1993). 


(a) Sludge age 


The sludge age can be adopted according to the wide range available for the 
continuous-flow systems, that is, covering the conventional and extended aera- 
tion modes. The desirability to remove nutrients or not should also be taken into 
consideration. Examples of different sludge ages can be: 


e 0. = 4-6 days: conventional mode, with no nutrient removal 
e 0. = 8-10 days: conventional mode, with nutrient removal 
e 0, = 20-25 days: extended aeration mode, with nutrient removal 


However, due to the pursuit of operational simplicity in the sequencing batch 
reactors, a more convenient design of small- and medium-sized plants should adopt 
an extended aeration sludge age. EPA (1993) suggests 20 days to 40 days. However, 
in warm climate regions it is not necessary to adopt sludge ages higher than 
30 days, in order to achieve sludge stabilisation. In the extended aeration mode, 
the whole treatment system may consist of only preliminary treatment, reactor, and 
sludge dewatering. Should nutrient removal be required, the conventional sludge 
ages provide higher removal efficiency. 


(b) MLVSS concentration 


The concentration of suspended solids during the reaction phase can be adopted 
similarly to the concentration of MLVSS in continuous-flow systems. If a safe 
positioning is desired, a slightly lower concentration can be adopted. EPA (1993) 
suggests concentrations of MLVSS between 1500 mg/L and 3500 mg/L. 


(c) Operational cycles 


According to WEF/ASCE (1992), the operational cycles vary widely, from approx- 
imately 6 to 48 hours. Generally, older systems have more conservative design cri- 
teria (longer cycles), while the systems designed more recently have shorter cycles, 
ranging from 6 to 12 hours. This optimisation has been achieved due to a deeper 
knowledge and greater control of the process, as well as to the automation of the 
system. Total operational cycles recommended by EPA are as follows (1993): 


e conventional system: 4 to 6 hours 
e system with biological nutrient removal: 6 to 8 hours 


EPA (1993) proposes the division of the operational cycle according to the 
stages listed in Table 8.2. 

Depending on the diurnal variations of the influent flows to the system, which 
can sometimes increase (minimum flow periods) and sometimes decrease (maxi- 
mum flow periods) the reactor fill time, the operational cycles can have durations 
longer than those recommended. The automation level of the system also interferes 
with the duration of the operational cycles. 
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Table 8.2. Duration of each stage of the cycle, according to different removal purposes 


Extended aeration Extended aeration 
BOD removal BOD and N removal 

Duration % of Duration % of 
Stage (hour) the total (hour) the total 
Fill 1.0 23.8 1.0 21.3 
Fill with mix 0.5 11.9 0.5 10.6 
Fill with aeration 0.5 119 0.5 10.6 
Aerobic/anoxic react 0.5 11.9 1.0 21.3 
Settle 0.7 16.7 0.7 14.8 
Draw 0.5 11.9 0.5 10.6 
Idle 0.5 11.9 0.5 10.6 
Total 4.2 100.0 4.7 100.0 


Source: EPA (1993) 


(d) Mathematical model 


In the design ofa continuous-flow activated sludge system, the mathematical model 
of the reactor uses the detention time values in the anaerobic, anoxic and aero- 
bic zones to estimate the quality of the effluent and the oxygen requirements. In 
these conditions, several mathematical models available in the literature can be 
adopted. 

In intermittent flow systems, the mathematical model can use the time allocated 
for each stage of the cycle (anaerobic, anoxic and aerobic) to do the same estimates. 
The degree of uncertainty in the application of the model is higher in intermittent 
systems because the reactions do not occur in physically different zones, but in 
different periods of time. Thus, some reactions may be overlapped within the same 
period. However, it is believed that the order of magnitude of the results achieved 
by using a generic model can be maintained. Thus, the effluent quality can be 
estimated by using the C, N and P removal models described in this book, and by 
making the adaptations mentioned above, that is, converting the detention times 
in the reactor zones into times for each stage in the cycle. The design should be 
flexible enough to allow operation to tune the cycles in order to achieve the best 
effluent quality. 


(e) Aeration equipment 


Aeration in sequencing batch reactors can be achieved by means of diffusers, 
floating aerators, jet aerators and aspirating aerators. The systems provided with 
diffusers should not allow clogging during settle, draw and idle periods. The me- 
chanical aerators should be floating because of the variation of the water level 
throughout the operational cycle (fill and draw). For design purposes, it should be 
considered that the whole oxygen demand for stabilisation of the organic matter 
should be satisfied during the reaction phase. Thus, the power of the equipment 
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installed in each reactor should be enough to supply the whole oxygen mass re- 
quired during a shorter time interval (aeration phase). 

Consequently, the installed power is higher than the consumed power. The 
consumed power can be estimated by means of the usual calculation methods of 
oxygen requirements, while the installed power should take into consideration the 
ratio between the total cycle time and the time with the aerators turned on. For 
example, in a system with a 12-hour cycle, in which 6 hours are with the aerators 
turned on (aerobic fill + aerobic reaction), the ratio between total time/time with 
aerators turned on will be 12/6 = 2. In these conditions, the installed power should 
be twice higher than the consumed power. 


(f) Supernatant removal device 


The removal of the clarified supernatant, without causing the suspension of the 
settled solids, is an item of great importance in the operational performance of a 
sequencing batch reactor. Fixed and floating outlet structures have been used, but 
the latter ones are more appropriate, as they can follow the water level, extracting 
the most superficial and, therefore, the most clarified layer (baffles may be installed 
for scum retention). Several floating mechanisms have been used, provided with 
flexible hoses or articulated mechanisms connected with the floating weirs. 


8.5 DESIGN METHODOLOGY FOR SEQUENCING BATCH 
REACTORS 


A sequence of calculations proposed by the author for estimating the volume of 
the reactor and the duration of the operational cycles of sequencing batch reactors 
(conventional reactor, with intermittent flow and variable level) is presented below. 
This methodology has been proposed by von Sperling (1998). Other methodologies 
are presented and exemplified in Eckenfelder Jr. (1989), Metcalf and Eddy (1991), 
Randall et al. (1992), Orhon and Artan (1994), and Artan et al. (2001). All these 
latter methodologies adopt the SVI (Sludge Volume Index) for estimation of the 
concentration and volume of the settled sludge, while the methodology proposed 
by von Sperling (1998) uses the concept of the zone settling velocity to estimate 
the sedimentation time, the concentration and the volume of the settled sludge. The 
methodology proposed focuses on an operational cycle intended for BOD removal 
(with no explicit removal of N and P), consisting of the following stages: fill, react, 
settle, draw and idle. 

The height, volume and concentrations of interest in the design of sequencing 
batch reactors are presented in Figure 8.10. 


(a) Input data 

Sludge age (0..). The sludge age is related to the active time of the cycle, which cor- 
responds to the fill and reaction periods. The sludge age can be adopted according 
to the comments in Section 8.4.a. 
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Figure 8.10. Height, volume and concentrations of interest in the design of a sequencing 
batch reactor 


MLVSS concentration (X,). The MLVSS concentration refers to the reaction 
stage, in which all solids are dispersed in the reactor. The MLVSS values can be 
adopted according to Section 8.4.b. The MLSS concentration is obtained by the 
usual manner, dividing MLVSS by the VSS/SS ratio in the reactor. 

Kinetic and stoichiometric coefficients. The kinetic and stoichiometric coeffi- 
cients (Y, Kg, fo, and MLVSS/MLSS) can be adopted similarly as those of the 
continuous-flow activated sludge systems (see Table 3.2). 

Number of cycles per day. The number of cycles per day (m) depends on the 
total time desired for the cycle. Thus, in case a total time of 6 hours is desired for 
the cycle, the number of cycles per day will be (24 hours/d) / (6 hours/cycle) = 
4 cycles/d. 

Time of wastewater input to the plant. In the case of domestic sewage, the 
influent is assumed to arrive during 24 hours per day. In the case of industries 
that work only during one or two shifts per day, lower times can be adopted, in 
compatibility with the time of production of wastewater (e.g., 8 hours per day). In 
this case, | cycle/d can be adopted (m = 1), with a cycle duration of 8 hours. 
Reactor height. The total height of the reactor (Htot) (liquid depth) should be 
selected in view of the aeration equipment and the local conditions. According to 
Section 3.4, Hi is usually within the following range: 3.5 to 4.5 m (mechanical 
aeration) and 4.5 to 6.0 m (diffused air). 


(b) Design sequence 


The design sequence is presented in this section in a summary table (Table 8.3), 
including all equations (von Sperling, 1998). The application of the equations can 
be more clearly understood in the design example in Section 8.6. 


8.6 DESIGN EXAMPLE OF A SEQUENCING 
BATCH REACTOR 


Design an extended aeration sequencing-batch-reactor system for the treatment of 
the wastewater from the general example in Chapter 5. 
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Table 8.3. List of equations and summary of the design sequence 


Equation 

Item to be calculated Unit Equation number 
Number of cycles per day - m (adopt) - 
Total cycle time hour Ttotal = 24 (8.1) 
Time of arrival of influent hour Tarrival of influent during cycle = (8.2) 
during the cycle Tarrival influent during day /™ 
a fraction of - f, = mG (8.3) 
Volume for reaction m? Vrt = Cas (8.4) 
Fill volume m3 Van = 2 (8.5) 
Transition volume m? Virans = fann: Van (8.6) 
Sludge volume m? V sludge = Vreact (8.7) 
Total reactor volume mê Vrot = Vreact + Van + Virans (8.8) 
Total reactor height m Hit (adopt) — 
Fill height m Ha = 24 = Woo) (8.9) 
Transition height m Hians = fran - Han (8.10) 
Sludge height m Hotudge = Htot — (Han + Hirans) (8.11) 
MLSS concentration mg/L = SES (8.12) 
MLSS mass in the reactor kg M, = Au (8.13) 
SS concentration in the mg/L xX = EA (8.14) 
settled sludge 
Number of reactors — n (adopt) — 
Volume of each reactor mê Vreactor = Yet (8.15) 
Fill time within cycle hour Tan = Tarrival of influent during cycle/D (8.16) 
Active time within cycle hour Tactive = Total" Yas (8.17) 
(= fill time + react time) 
Reaction time within cycle hour Treact = Tactive — Tan (8.18) 
Settling velocity of the m/hour v = voc KX (8.19) 
sludge interface 
Settle time within cycle hour Tsettle = ee (8.20) 
Supernatant withdrawal hour Taraw (adopt; <Trotal — (8.21) 
time within cycle Tit —Treact — T settle) 
Idle time within cycle hour Tidte = Ttotal— (8.22) 

(Tan + Treact + Tsettle + Taraw) 
Number of effluent - Number removals per day = m-n (8.23) 
removals per day 
Volume of effluent in each m? Vol. each removal = Q/(m-n) (8.24) 
removal 
Flow of effluent in each mĉ/hour Flow each removal = (8.25) 


removal 


Vol. each rem./Tgraw 


Y 
8 sludge age (d) 
Q inflow (m3d7!) 
S 


o 


Source: von Sperling (1998) 


total influent BOD (mgL~!) 


Ke decay coefficient (d7!) 


= yield coefficient (gMLVSS/gBOD; removed) S = total effluent soluble BOD (mgL~') 
X MLVSS concentration (mgL~!) 


VoxKsettling velocity equation coefficients 


(see Tables 4.2 and 4.3) 
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Input data for the example 


Influent and effluent characteristics: 


e Average inflow: Q = 9,820 m?/d 
* Influent BOD concentration: So = 341 mg/L 
e Effluent soluble BOD concentration (desired): S = 9 mg/L 


Coefficients: 


e Yield coefficient: Y = 0.6 mg/mg 
* Endogenous respiration coefficient: Kg = 0.08 d7! 
e SSV/SS ratio in the reactor: SSV/SS = 0.69 


Design criteria: 


e Sludge age: O. = 25 d (extended aeration) 

e MLVSS concentration (during reaction): Xy = 2,415 mg/L 

¢ Sludge settleability: between fair and poor 

e Number of cycles per day: m = 3 (adopted) 

e Number of reactors: n = 3 (adopted) 

¢ Time with arrival of incoming sewage (per day) = 24 hours/d 
e Total height of the reactor: Hi, = 4.00 m 


(a) Total cycle time 


Equation 8.1: 


2 24 
Tiota = — = — = 8 hours/cycle 
m 3 


(b) Time of arrival of influent during each cycle 


199 


The time of wastewater input is not necessarily 24 hours/d, because there might 
be some cases in which the influent is generated during less than 24 hours/d (e.g., 
8 hours/d), as is the case with some industries. From Equation 8.2, and considering 


the inflow for 24 hours/d (domestic sewage): 


Tarrival of influent during cycle = Tarrival of influent during day / m= 24/ 3 = 8 hours 


(c) Volume of the reactor 


e Volume for reaction (Equations 8.3 and 8.4): 


The volume for reaction can be calculated using any suitable mathematical 
steady-state model for the continuous-flow activated sludge process. From 
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Equations 8.3 and 8.4: 


0.8 0.8 
LE E = 0.57 
1+ 0.2-:Kg-0c 1+0.2 x 0.08 x 25 
y Y-0..Q(S, — S) 0.6 x 25 x 9,820 x (341 — 9) 
react = = 


Xy(1+f,Ka:00) 2,415 x (1 + 0.57 x 0.08 x 25) 
= 9,463 m? 


e Fill volume (Equation 8.5): 


9820 
Van = = = — = 32733 m? 
m 3 


e Transition volume (Equation 8.6): 


Before starting the supernatant withdrawal, the sludge must settle a dis- 
tance equal to the height of fill plus a transition height. This transition 
height is routinely included for safety in other design sequences available 
in the literature, and aims at avoiding the situation whereby the weir level 
coincides with the level of the settled sludge. By doing so, there will be a 
clarified transition layer, which will remain even after the supernatant with- 
drawal. The transition height Hirans is normally fixed as a fraction (funn) of 
the total fill height. The value of fynu is usually adopted around 0.1 (Hirans 
is equal to 10% of Han). 


Virans = funn: Van = 0.1 x 3,273 = 327 m? 
e Sludge volume (Equation 8.7): 
Vsiudge = Vreact = 9,463 m? 
e Total reactor volume (Equation 8.8): 


Viot = Vreact + Van + Virans = 9,463 + 3,273 + 327 = 13,063 m? 


(d) Heights in the reactor 


* Fill height (Equation 8.9): 


Vv 3,273 
Ha = = mê = 1.00m 
(Viot/Hrotr) (13,063 / 4.00) 


¢ Transition height (Equation 8.10): 


Herans = fasi X Han = 0.1 x 1.00m=0.10m 
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e Sludge height (Equation 8.11): 
Hgtudge = Hi — (Han + Herans) = 4.00 — (1.00 + 0.10) = 2.90 m 
(e) MLSS mass and concentration 


e MLSS concentration in the reactor, during the react stage (Equation 8.12): 


xxv _ 2.415 
~ (SSV/SS) 0.69 


= 3,500 mg/L 


e MLSS mass in the reactor (Equation 8.13): 


XV 3,500 x 13,063 
Vie ens = 45,721 kgSS 
1,000 1,000 


(f) Average SS concentration in the settled sludge 


SS concentration in the layer of settled sludge (Equation 8.14): 


| Mvl,000 —— VwX 
ee Viodo = Vrot: (Hiodo/Htot) 
X 3,500 


Hra/Ho)  (2,90/4,00) i 


This concentration corresponds to the concentration of excess sludge, if it is 
removed during the idle stage. 


(g) Times within the cycle 
¢ Fill time (Equation 8.16): 
Tan = Tarrival of influent during cycle/D = 8/3 = 2.7 hours 
e Active time (Equation 8.17): 


Vieact _ 9,463 
Vot 13,063 


= 5.8 hours 


Tactive = Total" 
e Reaction time (Equation 8.18): 
T react = Taetive = Tau = 5.8 — 2.7 = 3.1 hours 


e Settle time 


Initially, the settling velocity of the sludge-liquid interface must be calcu- 
lated. Assuming a settleability between fair and poor, as specified in the 
example, the coefficients vo and K from Table 4.3 must be interpolated 


202 Activated sludge and aerobic biofilm reactors 


between the values given for fair and poor settleability, resulting in: 


Vo = (8.6 + 6.2)/2 = 7.40 m/hour 
K = (0.50 + 0.67)/2 = 0.59 m? /kg 


The hindered settling velocity is a function of the sludge concentration, 
being thus given by (Equation 8.19): 


v= 7.4.e(—9.59-X/1000) = 7.4-e(70.59x 3500/1000) = 0.94 m/hour 


Time spent by the sludge-liquid interface to settle the distance Han + Htrans 
(Equation 8.20): 


H H 0.10 + 1.00 
Tsettle = Huans + Hen) = $ = 1.2 hours 
v 0.94 


e Supernatant withdrawal time 


The supernatant withdrawal time is adopted at this stage. The following 
constraint applies (Equation 8.21): 


Taraw < Tiotal = Tan = Treact Ee Tsettle 


Taraw = 0.5 hour (adopted) 


e Idle time (Equation 8.22): 


The idle time is the time left to complete the cycle. 


Tidle = Total Ed (Tan =F Treact + Tsettle + Táraw) 
= 8.0 — (2.7 + 3.1 + 1.2 + 0.5) = 0.5 hour 


(h) Summary of the duration of each phase in the cycle 


Duration Percentage of the 
Stage Nomenclature (hours) total cycle (%) 


Fill Tan 2:7 33.8 
React Trae 3.1 38.8 
Settle Tsettle 1.2 15.0 
Draw Taraw 0.5 6.2 
Idle Tite 0.5 6.2 


Total = 8.0 100.0 
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(i) Effluent flow from each reactor 


The effluent (supernatant) flow is different from the inflow to the reactor, because 
the effluent removal is concentrated on a shorter period. This larger instantaneous 
flow affects the dimensioning of the outlet structures and pipes. 

The number of effluent removals per day is equal to the product of the number 
of cycles per day (m) and the number of reactors (n) (Equation 8.23): 


Number of removals per day = m-n = 3 x 3 = 9 removals/d 


The average volume of each removal (m*) corresponds to the average daily 
influent flow (Q) divided by the number of removals per day (Equation 8.24): 


Volume of each removal = Q/(m-n) = 9820/(3 x 3) = 1,091m? /removal 


The flow in each removal (mº /h) is given by the quotient between the volume 
of each removal and the removal time (Tray) (Equation 8.25): 


Flow of each removal = Volume of each removal/T ray = 1,091/0.5 


= 2,182 m?/hour = 606 L/s 


(j) Oxygen requirements and sludge production 


Refer to the calculation methodology presented in the example of the continuous- 
flow activated sludge system (Chapter 5). 

When calculating the power requirements, it should be noted that the installed 
power should be greater than the consumed power. This is because the aerators 
have to transfer the oxygen required by the biomass during the time when they are 
switched on. Therefore, the required power must be multiplied by a factor equal 
to time with aerators on/total time. In this example, if the aerators are turned on 
only during the react phase, the time with aerators on will be 3.1 hours/cycle, and 
the total cycle time will be 8.0 hours/cycle. The correction factor is, therefore: 
8.0/3.1 = 2.6. The installed power needs to be 2.6 times greater than the consumed 
power. 


9 


Activated sludge for the 
post-treatment of the effluents 
from anaerobic reactors 


9.1 DESIGN CRITERIA AND PARAMETERS 


The main characteristics, applications, advantages and disadvantages of the sys- 
tems composed of upflow anaerobic sludge blanket (UASB) reactors followed by 
the activated sludge system were presented in Chapter 1. 

The present chapter, based on von Sperling et al. (2001) and on the results from 
the Brazilian Research Programme on Basic Sanitation (PROSAB), lists the main 
criteria and parameters used in the design of the post-treatment stage. The approach 
used here is simpler and more direct than that adopted in the previous chapters on 
this section on activated sludge. However, the results are not substantially different 
from those obtained using the more complete design sequences presented earlier. 
The mathematical model described in this book for BOD removal and determina- 
tion of the required reactor volume, required power and sludge production can be 
applied to the present situation. 

The main design parameters, which determine the behaviour of the system and 
the required volumes and areas, are (a) reactor: sludge age (8,) and mixed liquor 
volatile suspended solids (MLVSS) concentration; and (b) secondary sedimenta- 
tion tank: hydraulic loading rate (HLR) and solids loading rate (SLR). 


© 2007 IWA Publishing. Activated Sludge and Aerobic Biofilm Reactors by Marcos von Sperling. 
ISBN: 1 84339 165 1. Published by IWA Publishing, London, UK. 
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Table 9.1. Design parameters of activated sludge systems for the post-treatment of 
effluents from anaerobic reactors 


Item Parameter Value 
Aeration Sludge age (d) 6-10 
tank F/M ratio (kg BOD/kgMLVSS.d) 0.25-0.40 
Hydraulic detention time (hour) 3-5 
MLVSS concentration (mg/L) 1,100-1,500 
MLSS concentration (mg/L) 1,500-2,000 
VSS/SS ratio in the reactor (—) 0.73-0.77 
Biodegradable fraction of the VSS (fp = SS,/VSS) 0.68-0.74 
Aeration Average O2 requirements — carbonaceous demand 0.80-0.94 
system (kgO2/kgBOD rem) 
Average O, requirements—nitrogenous demand 3.8-4.3 
(kgO2/kgTKN applied) 
Average O, requirements—nitrogenous demand 4.6 
(kgO2/kgN available)* 
Maximum O, consumption/average O2 1.2-1.5 
consumption ratio 
Standard oxygenation efficiency (kgO2/kW-hour) 1.5-2.2 
Correction factor: standard oxygen. efficiency/ 1.5-1.8 
field oxygen. efficiency 
Sludge Product. excess AS sludge (returned to UASB) 0.78-0.90 
production (kgSS/kgBODrem from AS) 
Per capita product. of excess AS sludge 8-14 
(returned to UASB) (gSS/inhabitant-d) 
Concentration of SS in the AS sludge returned 3,000-5,000 
to the UASB (mg/L) 
Removal efficiency of VSS from the AS sludge 0.25-0.45 
in the UASB reactor 
Production of anaerobic sludge 0.28-0.36 
(kgSS/kgBOD applied to the UASB) 
Per capita production of anaerobic sludge 14-18 
(gSS/inhabitant-d) 
Production of total mixed sludge 0.40-0.60 
(to be dewatered) (kgSS/kgBOD applied) 
Per capita production of total mixed sludge 20-30 
(to be dewatered) (gSS/inhabitant-d) 
Per capita volumetric product. total mixed sludge 0.5-1.0 
(to be dewatered) (L/inhabitant-d) 
Concent. mixed sludge (AS + anaerobic) removed 3.0-4.0 
from the UASB (%) 
Secondary Hydraulic loading rate (Q/A) (m7/m7-d) 24-36 
sediment. Solids loading rate [(Q + Q,)-X/A] (kgSS/m?-d) 100-140 
tank Sidewater depth (m) 3.0—4.0 
Recirculation ratio (Q,/Q) 0.6-1.0 
Concentration of SS in the sludge recirculated 3,000-5,000 
to the aeration tank (mg/L) 
Sludge Per capita production of SS in the sludge 20-30 
treatment to be disposed of (gSS/inhabitant-d) 
Per capita volum. production of sludge 0.05-0.15 
to be disposed of (L sludge/inhabitant-d) 
Solids content (centrifuge, belt press) (%) 20-30 
Solids content (filter press) (%) 25—40 
Solids content (sludge drying bed) (%) 30—45 


* N available for nitrification = influent TKN -N in excess sludge (10% of the excess VSS is N) 
AS: activated sludge 
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Table 9.1 lists the main design parameters used for the activated sludge process 
as post-treatment of effluents from anaerobic reactors. 
Kinetic and stoichiometric coefficients. Regarding the values of the kinetic and 
stoichiometric coefficients (mainly Y and Kg), the same usual values of the classi- 
cal configurations of the activated sludge system are used in this chapter. However, 
it should be highlighted that the values of these coefficients, applied to the specific 
case of activated sludge as post-treatment of effluents from anaerobic reactors, 
should be further investigated, due to the possible influence of the previous anaer- 
obic treatment on the process kinetics. 
Design parameters for the reactor. The design parameters for the activated sludge 
reactor as post-treatment are similar to those for the conventional activated sludge 
systems. The main difference lies in the lower MLSS concentration usually as- 
sumed for the post-treatment activated sludge. If higher values are adopted, the 
volume of the aeration tank will be very reduced (detention time shorter than 
2.0 hours; no full-scale operational experience so far to demonstrate the process 
stability of such small tanks). 
Design parameters for the secondary sedimentation tanks. The loading rates 
in the secondary sedimentation tanks of post-treatment activated sludge systems 
are presumably different from those in conventional activated sludge systems, 
since the former work with lower MLSS concentrations and with a sludge of 
slightly different characteristics. Besides that, the UASB reactors provide a certain 
smoothing in the flow to be treated, reducing the Qmax/Qav ratio in the influent 
to the sedimentation tanks. These are items that deserve continued investigations, 
with experience in full-scale wastewater treatment plants, to get specific design 
parameters for this configuration. 
Nitrification. With respect to the removal of ammonia in the UASB-activated 
sludge system, it should be mentioned that there have been operational difficulties 
in the maintenance of full nitrification in the aerobic reactor. This fact is apparently 
associated with toxicity problems to the nitrifying bacteria, possibly caused by the 
presence of sulphides. For this reason, even in warm-climate regions, sludge ages 
equal to or greater than 8 days should be adopted, if nitrification is desired. 
Biological nutrient removal. Post-treatment activated sludge systems are not par- 
ticularly efficient in the removal of nitrogen, since there is little availability of 
organic carbon for the denitrifying bacteria, as a large fraction of the organic 
matter has been previously removed in the UASB reactor. A means of supplying 
organic carbon to the activated sludge reactor is by a partial by-pass to the UASB 
reactor, supplying raw sewage to the anoxic zone in the aeration tank. A similar 
comment can be made for the biological removal of phosphorus: the previous re- 
moval of a large fraction of the organic carbon in the UASB reactor hinders the 
biological P removal process. Similarly, a partial by-pass of the raw sewage may 
be helpful. 
Sequencing batch activated sludge reactor. The design of a sequencing batch 
activated sludge reactor after an anaerobic reactor should propose an operational 
cycle that is suitable for the condition of low organic load in the influent to the aero- 
bic stage. Designs that do not pursue an optimisation may lead to large fill volumes, 
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compared with the reaction volumes, which may result in an uneconomical, large 
volume of the aerobic reactor. 


9.2 DESIGN EXAMPLE OF AN ACTIVATED SLUDGE 
SYSTEM FOR THE POST-TREATMENT OF THE 
EFFLUENT FROM A UASB REACTOR 


Undertake a simplified design of a continuous-flow activated sludge system acting 
as post-treatment of the effluent from a UASB reactor. Determine the volume of 
the reactor, the oxygen consumption, the power of the aerators and the production 
and removal of excess sludge. Use the same input data as those in the general 
example in Chapter 5 (design of conventional activated sludge system) and the 
design parameters presented in Tables 9.1 and 1.3. 


Input data: 


e population equivalent: 67,000 inhabitants 
e average influent flow: Q = 9,820 m3/d 
e loads in the raw sewage: 
BOD: 3,350 kg/d 
SS: 3,720 kg/d 
TKN: 496 kg/d 
* concentrations in the raw sewage: 
BOD: 341 mg/L 
SS: 379 mg/L 
TKN: 51 mg/L 
e removal efficiencies in the UASB reactor (assumed): 
BOD: 70% 
TKN: 10% 


The design of the UASB reactor is not presented here. 


Solution: 


(a) Characteristics of the influent to the activated sludge (AS) stage 


The influent to the activated sludge system is the effluent from the UASB reactor. 
Considering the removal efficiencies provided in the input data, one has: 


e Influent BOD load AS = raw sewage BOD load x (1 — UASB Efficiency) = 
3,350 kg/d x (1-0.70) = 1,005 kgBOD/d 

e Influent BOD concentration AS = raw sewage BOD concentration x (1 — 
UASB Efficiency) = 341 mg/L x (1-0.70) = 102 mgBOD/L 

e Influent TKN load AS = raw sewage TKN load x (1 — UASB Efficiency) = 
496 kg/d x (1 — 0.10) = 446 kg TKN/d 
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¢ Influent TKN concentration AS = raw sewage TKN concentration x (1 — 
UASB Efficiency) = 51 mg/L x (1-0.10) = 46 mgTKN/L 


(b) Characteristics of the final effluent from the treatment plant 


By adopting overall typical removal efficiencies for the UASB-activated sludge 
system presented in Table 1.3, the estimated concentrations in the final effluent of 
the treatment plant are as follows: 


Overall removal Concentration in Estimated concentration 
Parameter efficiency (%) the raw sewage (mg/L) in the final effluent (mg/L) 
BOD 85-95 341 16-47 
ss 85-95 379 19-57 
TKN 75-90 51 5-13 


Effluent concentration = Influent concentration x (100 — Efficiency)/100) 


(c) Design of the reactor 


Design parameters adopted (see Table 9.1): 


e Sludge age: 0.= 8d 
e Mixed liquor volatile suspended solids: MLVSS = X, = 1,500 mg/L 
e Effluent soluble BOD: S = 10 mg/L (adopted) 


Coefficients adopted (see Table 3.2): 
e Y= 0.6 gVSS/gBOD 
* Ka = 0.08 gVSS/gVSS-d 


The biodegradable fraction of mixed liquor volatile suspended solids is given 
by (Equation 2.2): 


0.8 0.8 


f, = — 
e — 140.2-Ky-0. 140.2 x 0.08 x8 


= 0.71 


The volume of the reactor is given by (Equation 2.4): 


_ Y-0,-Q: (So — S) _ 0.60 x 8 x 9,820 x (102 — 10) 


V= = 
X, (1 + fy-Ka-0.) 1,500 x (1 + 0.71 x 0.08 x 6) 


= 1,988 m? 


The volume ofthe reactor can also be calculated based on the F/M ratio concept, 
which does not require the knowledge of coefficients Y and Ky. By adopting an 
F/M value equal to 0.35 kgBOD/kgMLVSS.d (Table 9.1), the resulting reactor 
volume is: 


Q- DBO infuent AS 9,820 x 102 3 
= = = 1,908 m 
Xy (F/M) 1,500 x 0.35 
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It is observed that the volumes resulting from both calculations are very similar. 
In the remainder of the design, the value obtained from the calculation using the 
sludge age (V = 1,988 m°) is used. 

Two tanks can be adopted, each one with a volume of (1,988 m?)/2 = 994 m°. 

By adopting a depth of 3.5 m, the surface area of each tank is 994 m3/3.5 m = 
284 m°. 

The length/breadth ratio can vary according to the layout and to the arrangement 
of the aerators (in case of mechanical aeration). For the purposes of this example, 
adopt: 


Length L = 30.0 m and breadth B = 9.5 m (length/breadth ratio: L/B = 3.2) 


The resulting total volume is 1,995 mº. 
The resulting HDT in the aeration tank is: 


HDT = V/Q = 1,995 m3/9,820 m3/d = 0.20 d 
= 4.8 hours (appropriate, according to Table 9.1) 
The MLVSS/MLSS ratio (= VSS/SS = X,/X) adopted in the aeration tank is 


0.75 (see Table 9.1). 
The MLSS concentration (X) in the aeration tank is: 


MLSS = MLVSS/(VSS/SS) = (1,500 mg/L)/(0.75) = 2, 000mg/L 
(d) Production and removal of excess sludge 


Coefficient of sludge production: 0.84 kgSS/kgBOD removed in the activated 
sludge (see Table 9.1 or Table 2.6 — sludge age of 8 days, with solids in the 
influent, with primary sedimentation tank, which, in this case, is replaced by the 
UASB reactor). 

The BOD load removed from the aeration tank is: 


BOD load rem = Q-(S, — S) = 9,820 m?/d x (102 — 10) g/m? 
= 903,440 gBOD/d = 903 kgBOD/d 


The production of excess aerobic activated sludge is, therefore: 
Px = 0.84 kgSS/kgBOD x 903 kgBOD/d = 759 kgSS/d 


In the activated sludge system as post-treatment for anaerobic effluents, the 
production of solids is low, due to the fact that the anaerobic reactor removes pre- 
viously a large part of the substrate (BOD) required for biomass growth. In these 
conditions, the loss of solids in the final effluent should be taken into consider- 
ation when estimating the amount of solids to be wasted. Assuming an average 
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concentration of SS in the final effluent equal to 20 mg/L, the loss corresponds to: 


Loss of SS in the final effluent = 9,820 m?/d x 20 g/m? = 196,400 gSS/d 
= 196 kgSS/d 


The SS load to be intentionally wasted from the aerobic reactor and returned to 
the UASB reactor is, therefore: 


Production of SS = Px — SS loss = 759 — 196 = 563 kgSS/d 
The per capita production of aerobic activated sludge is: 


Per capita Px = 563 kgSS/d/67,000 inhabitants = 0.008 kgSS/inhabitant-d 
= 8 gSS/inhabitant-d (appropriate, according to Table 9.1). 


The distribution of the excess sludge in terms of volatile solids and fixed solids is 
a function of the VSS/SS ratio (equal to 0.75 in this example). Thus, the distribution 
is: 


e Total suspended solids: Px = 563 kgSS/d 

e Volatile suspended solids: Pxy = (VSS/SS) x Px = 0.75 x 563 = 
422 kgVSS/d 

e Fixed suspended solids: Pxp= (1 — VSS/SS) x Px = (1-0.75) x 563 = 
141 kgFSS/d 


The concentration of the excess aerobic activated sludge (AS) is the same as that 
of the return sludge, since the excess sludge is removed from the recirculation line. 
This concentration is a function of the MLSS concentration and the recirculation 
ratio R (=Q,/Q). In the example, MLSS = 2000 mg/L and R is adopted as 0.8 (see 
Table 9.1). The SS concentration in the excess aerobic sludge and in the return 
sludge (X,) is: 


X = X-(1 + R)/R = 2,000 mg/L x (1 + 0.8)/0.8 = 4,500 mgSS/L 
= 4,500 gSS/m? = 4.5 kgSS/m? 
The flow of excess aerobic activated sludge (AS) returned to the UASB reactor 
is: 
flow = load/concentration = 
Qex aerobic = (563 kgSS/d)/(4.5 kgSS/m?) = 125 m3/d 
This flow is very low in comparison with the influent flow to the UASB reactor, 
representing only approximately 1.3% (125/9,820 = 0.013), that is, the hydraulic 


impact of the return of the excess aerobic sludge to the UASB reactor is non- 
significant. On the other hand, the organic load in the excess sludge is estimated 
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to be 282 kgBOD/d (1 kg of SS generates approximately 0.5 kgBOD, that is, 563 
kgSS/d x 0.5 kgBOD/kgSS = 282 kgBOD/d). Hence, the BOD load from the 
aerobic sludge returned to the UASB reactor is (282 kg/d)/(3,350 kg/d) = 8% of 
the BOD load in the influent. This increased load should not affect significantly 
the performance of the UASB reactor. 


(e) Oxygen consumption and required power for the aerators 


The average O2 consumption for the carbonaceous demand (oxidation of BOD) is 
0.87 kgO2/kgBOD removed in the aeration tank (see Table 9.1 or Table 2.6). The 
BOD load removed in the activated sludge system is 903 kgBOD/d (calculated in 
item (d)). The O, consumption is: 


Average O, consumption (carbonaceous demand) 


= 0.87 kg0>/kgBOD x 903 kgBOD/d = 786 kgO./d 


The average O, consumption adopted for the nitrogenous demand (oxidation of 
the ammonia) is 4.6 kgO,/kg N available (see Table 9.1). The TKN load available 
corresponds to the applied load minus the N load incorporated into the excess 
sludge (10% of the VSS production). In this example, the VSS load produced was 
calculated as 452 kgVSS/d. The N load available is: 


N load available = N load applied — N load excess sludge 
= 446 — 0.1 x 452 = 401 kgN/d 


The O, consumption for the nitrogenous demand is: 


Average O, consumption (nitrogenous demand) 


= 4.6 kg0»/kgTKN x 401 kgTKN/d = 1,845 kg0»/d 


This value corresponds to (1,845 kgO»/d)/(446 TKN applied) = 4.1 
kgO2/kgTKN applied (matches with value in Table 9.1). 
The total average consumption is: 


Total average O2 consumption = carbonaceous demand + nitrogenous demand 


= 786 + 1,845 = 2,631 kgO,/d 


It can be observed that, differently from the conventional activated sludge sys- 
tem, the oxygen consumption in this case is controlled by the nitrogenous demand 
(1,845/2,631 = 70% of the total), as most of the BOD was previously removed in 
the UASB reactor. 

The oxygen consumption necessary to meet the demand in peak conditions is 
a function of the ratio between the maximum O, consumption and the average O2 
consumption. In this example, a value of 1.3 was adopted, considering the presence 
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of the UASB reactor upstream and the fact that the plant is of medium size (see 
Table 9.1): 


Maximum O, consumption = (maximum consumption/average 
consumption ratio) x average consumption = 1.3 x 2,631 kgO,/d 


= 3,420 kgO,/d 


This oxygen consumption is the field demand (actual consumption in the treat- 
ment plant). The production of oxygen to be specified for standard conditions 
(clean water, 20ºC, sea level) is greater, so that, in the field, the reduced value of 
the oxygen production equals the field oxygen demand. The standard/field oxy- 
genation efficiency correction factor adopted is 1.6 (see Table 9.1). The required 
O; in standard conditions is: 


O, required in standard conditions = (standard/field oxygenation 
efficiency ratio) x field O2 consumption = 1.6 x 3,420 kgO2/d 
= 5,472 kgO2/d = 228 kgO,/hour 


By adopting a standard oxygenation efficiency of 1.8 kgO0,/kKW-hour (see 
Table 9.1), the power requirement is: 


Required power = O, consumption/oxygenation efficiency 


= (228 kgOo/hour)/(1.8 kgO2/kW-hour) = 127 kW = 173 HP 


As there are two aeration tanks, and the length/breadth ratio in each one is 3, 
three aerators can be adopted in each tank, making up a total of six aerators. The 
power of each aerator is: 

Power required for each aerator = total power / number of aerators 


= 173 HP/6 = 29 HP. 


A commercial value higher than that required should be adopted for the installed 
power, so that the oxygenation capacity is sufficient when there is a by-pass of the 
raw sewage to the UASB reactor (supply of organic carbon to the aerobic reactor, 
if applicable). In this example, 40 HP aerators should be used. 


The total installed power is: 40 HP x 6 = 240 HP = 176 kW 


The per capita installed power is 176,000 W / 67,000 inhabitants = 2.63 
W/inhabitant (appropriate, according to Table 1.3). 

If aeration is controlled by switching on/off the aerators, by changing the sub- 
mergence of the aerators, or by other methods, and taking into account that the 
by-pass of the raw sewage will be only occasional, the average consumed power 
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will be lower than the installed power. The calculation of the average consumption 
should be based on the ratio between the maximum and average consumptions. 
However, the ratio between maximum O; consumption/average O2 consumption 
adopted (1.3) is not high, in view of the smoothing provided by the UASB reactor. 
It may be difficult to make the production of oxygen equal to the average con- 
sumption throughout the day (this practice would be easier if the ratio between 
maximum and average consumption were larger, such as in the conventional acti- 
vated sludge system). Therefore, adopt, in this example, the consumed power as 
equal to the required power, which is calculated according to the maximum O, 
consumption: 
Consumed power = 127 kW x 24 hours/d x 365 d/year = 1,112,520 kW-hour/ 
year (18 kW-hour/inhabitant-year, appropriate, according to Table 1.3). 

The average power level, a parameter that expresses the mixing capacity of the 
aerators, is calculated as: 
Power level = average power/reactor volume = (127,000 W)/(1,995 m?) = 
64 W/m? (sufficient to maintain the sludge in suspension). 


(f) Design of the secondary sedimentation tank 
Design parameters adopted (see Table 9.1): 


e Hydraulic Loading Rate: HLR = 30 m?/m?-d 
e Solids Loading Rate: SLR = 120 kgSS/m?-d 


The required surface area, according to the concept of the hydraulic loading 
rate (HLR adopted = 30 m?/m?-d), is: 


Area = Q/HLR = (9,820 m?/d)/(30m?/m?-d) = 327 m? 


The required surface area, according to the concept of the solids loading rate, 
depends on the load of influent solids to the sedimentation tanks. For the calculation 
of the solids load, the sludge return flow is Q, = R x Q. In item (d) of the example, 
the recirculation ratio R adopted was (=Q,/Q) 0.8. Therefore, the sludge return 
flow is Q, = 0.8 x 9,820 m?/d = 7,856 m?/d. The MLSS concentration, calculated 
in item (c), is 2,000 mg/L = 2,000 g/m? = 2.0 kg/m’. For the solids loading rate 
of 120 kgSS/m?-d, the required surface area is: 


Area = SS load/SLR = (Q + Q,) x MLSS / SLR 
= [(9,820 + 7,856) m3/d x 2.0 kgSS/m?]/(120 kgSS/m?.d) = 295 m? 


In this case, HLR was more restrictive, because the concentration of SS in the 
aeration tank is low, which results in low solids loads to the sedimentation tank. 
Adopt the highest value between the two calculated values (327 m? and 295 m?), 
that is, 327 m?. 

By adopting two sedimentation tanks, the surface area of each one is: 
327 m?/2 = 164 m’. 
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By adopting circular sedimentation tanks, the diameter of each sedimentation 
tank is: 


Diameter = (Area x 4/7)!? = (164m? x 4/3.14)°° = 14.5 m 


By adopting a sidewater depth H = 3.5 m, the total volume of the sedimentation 
tanks is 3.5 m x 327 m° = 1,145 m°. 

The slope of the bottom of the sedimentation tanks depends on the type of 
sludge removal device: scrapers require a slope of approximately 1:12 (verti- 
cal/horizontal), while suction removers are suitable for a flat bottom. Dortmund- 
type sedimentation tanks have a much higher slope and a lower sidewater depth. 
If there is slope, the volume of the conical part can be included in the calculation 
of the total volume. 

The hydraulic detention time in the secondary sedimentation tanks is: 


HDT = V/Q = (1,145 m*)/(9,820 m? /d) = 0.12 d = 2.9 hours 


(g) Sludge processing 


According to item (d), the load of aerobic sludge generated in the activated sludge 
system and returned to the UASB reactor is: 


Aerobic sludge, before digestion in the UASB reactor: 
e Volatile solids: Pxy = 422 kgVSS/d 
e Fixed solids: Pxr = 141 kgFSS/d 
e Total solids: Px = 563 kgSS/d 


Assuming a removal of 35% of VSS from the aerobic sludge during digestion 
in the UASB reactor (Table 9.1: values between 25 and 45%), and knowing that 
the load of fixed solids remains unchanged, the load of aerobic sludge wasted from 
the UASB reactor is: 


Aerobic sludge, after digestion in the UASB reactor: 
e Volatile solids: Pxy = 422 kgVSS/d x (1-0.35) = 274 kgVSS/d 
e Fixed solids: Pxr = 141 kgFSS/d 
e Total solids: Px = 274 + 141 = 415 kgSS/d 


The sludge to be removed from the UASB reactor also includes the anaerobic 
sludge, which is usually produced in the UASB reactor. The production of anaerobic 
sludge is between 0.40 and 0.50 kgSS/kgBOD removed in the UASB reactor, or 
between 0.28 and 0.36 kgSS/kgBOD applied to the UASB reactor (see Table 9.1). 
By adopting a coefficient of anaerobic sludge production of 0.30 kgSS/kgBOD 
applied to the UASB reactor, the production of anaerobic sludge is: 

Anaerobic sludge: 


Total solids: Px = coefficient of sludge production x load of BOD 
in the raw sewage = 0.30 kgSS/kgBOD x 3,350 kgBOD/d = 1,005 kgSS/d 
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The total amount of sludge to be wasted from the UASB reactor (digested 
anaerobic sludge + digested aerobic sludge) is: 


Total production of sludge = anaerobic sludge + aerobic sludge 


= 1,005 + 415 = 1, 420 kgSS/d 


The per capita sludge production, expressed as dry solids, is: 1,420 kgSS/d/ 
67,000 inhabitants = 0.021 kgSS/inhabitant-d = 21 gSS/inhabitant-d (matches 
with Tables 9.1 and 1.3) 

Assuming a concentration of SS of 3.0% in the sludge removed from the UASB 
reactor (see Table 9.1), which is equivalent to approximately 30,000 mgSS/L or 
30 kgSS/mº, the flow of sludge removed from the UASB reactor and directed to 
the sludge processing is: 


Qex uasg = load/concentration = (1,420 kgSS/d)/(30 kgSS/m?) 
= 47m?/d (0.76L / inhabitant-d, —matches with Table 9.1) 


The sludge removed from the UASB reactor is usually already digested 
and thickened, requiring just a dewatering stage. Assuming, for simplicity, a 
solids capture efficiency of 100% in the dewatering and a density of 1.0 for 
the dewatered sludge, and adopting a solids content of 25% (approximately 
250,000 mgSS/L = 250,000 gSS/m? = 250 kgSS/m?) for the dewatered sludge 
(mechanical dewatering, see Table 9.1), the characteristics of the sludge for final 
disposal are: 


Sludge to be disposed of (cake): 


e Load of solids = 1,420 kgSS/d (equal to the influent load to dewatering) 
* Daily volume = load/concentration = (1,420 kgSS/d)/(250 kgSS/m?) = 
5.7 m3/d 


The per capita production of sludge to be disposed of is: 


e Per capita load of SS = 1,420 kgSS/d/67,000 inhabitants = 0.021 kgSS/ 
inhabitant-d = 21 gSS/inhabitant-d (matches with Tables 9.1 and 1.3) 

e Per capita volume of sludge = 5.7 m?/d/67,000 inhabitants = 5,700 
L/d/67,000 inhabitants = 0.09 L sludge/inhabitant-d (matches with Ta- 
bles 9.1 and 1.3) 


(h) Comparison with the conventional and extended aeration activated 
sludge systems 


Chapter 5 presents a full design example of a conventional activated sludge, using 
the same input data. Example 2.11 presents a simplified design of an extended 
aeration system, also using the same input data. For the sake of comparison, the 
main values resulting from the three designs are listed below. 
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Conventional Extended Activated sludge 
Item activated sludge aeration after UASB reactor 
Sludge age (d) 6 25 8 
Volume of aeration 
tank (m°) 2,051 6,366 1,995 
Volume of secondary 
sedimentation tanks (m°) 2,128 4,416 1,145 
Production of sludge 
to be treated (kgSS/d) 1,659 (*) 3,119 (**) 1,420 (***) 
Installed power for 
aeration (HP) 400 600 240 


(*) Add production of primary sludge. Treatment of mixed sludge by thickening, digestion and 
dewatering 

(**) Treatment of the aerobic sludge by thickening and dewatering 

(***) Aerobic and anaerobic sludge after digestion in the UASB reactor. Treatment by dewatering 


Therefore, the wide range of advantages of the combined UASB reactor- 
activated sludge system is noticed, mainly in terms of sludge production and power 
consumption. In terms of unit volumes, the volume of the UASB reactor should 
still be added to this alternative, while the volumes of the units associated with the 
sludge treatment should be added to the other alternatives. The total volume of all 
the units in the UASB-activated sludge alternative is still a little smaller than the 
total volume from the other two alternatives. 
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Biological selectors 


10.1 INTRODUCTION 


The successful operation of an activated sludge plant depends on an efficient 
solids-liquid separation in the secondary sedimentation tank, with the following 
main objectives (a) produce a clarified effluent and (b) thicken the sludge on the 
bottom of the sedimentation tank to a satisfactory concentration for its recirculation 
to the reactor. 

Both functions can be harmed in case the sludge presents poor settleability 
and thickening capacity. There are several types of deterioration of the sludge 
characteristics, but the most frequent one is sludge bulking, which is caused by an 
imbalance between the populations of microorganisms that make up the activated 
sludge floc. In a simplified manner, the floc consists of: 


e Floc-forming bacteria. These bacteria have a gelatinous matrix, which 
facilitates the gathering of new microorganisms, producing a floc of larger 
dimensions and, as a consequence, with a higher settling velocity. 

e Filamentous bacteria. These bacteria, which have a predominantly elon- 
gated morphology, are responsible for the floc structure, when present in a 
suitable number. 


The balance between the filamentous and the floc-forming organisms is delicate, 
and a good part of the operational success of the activated sludge plant depends 
on it. Three conditions can occur (Horan, 1990) (see Figure 10.1). 


* Balance between filamentous and floc-forming organisms. Good settling 
and thickening capacity of the sludge. 
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INFLUENCE OF THE FILAMENTOUS ORGANISMS 
ON THE FLOC STRUCTURE 


IDEAL, NON-BULKING FLOC 


1. Filamentous and floc-forming organisms 
in equilibrium 

2. Strong and large floc 

3. Filaments do not interfere 

4. Clear supernatant 

5. Low SVI 


PIN-POINT FLOC 


1. Few or no filamentous organisms 
2. Weak and small floc 

3. Turbid supernatant 

4. Low SVI 


BULKING SLUDGE 


1. Filamentous organisms prevail 

2. Large and strong floc 

3. Filaments interfere with settling and thickening 
4. Clear supernatant 

5. High SVI 


Figure 10.1. Effect of the filamentous organisms on the structure of the activated sludge 
floc (EPA, 1987) 


* Predominance of floc-forming organisms. The floc is insufficiently rigid, 
which generates a small, weak floc, with poor settleability. This condition 
is named pin-point floc. 

* Predominance of filamentous organisms. The filaments are projected out- 
side the floc, preventing the adherence of other flocs. Thus, after sedimen- 
tation, the flocs occupy a large volume (represented by a high value of the 
SVI- Sludge Volume Index), which causes an increased level of the sludge 
blanket in the secondary sedimentation tank. This increase can lead to loss 
of solids, causing the deterioration of the quality of the final effluent. This 
condition is named sludge bulking. 


There are several possible causes for sludge bulking, all of them associated with 
the environmental conditions to which the bacteria are submitted. Among them, 
the following can be mentioned: 


e low dissolved oxygen (DO) 
e low F/M ratio 

e septic influent wastewater 

e nutrient deficiency 

* low pH 
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Until recently, this phenomenon was controlled only at the operational level, 
such as with manipulation of the return sludge flow, supply of the necessary amount 
of oxygen, addition of chemical products and chlorination. However, the recent 
progresses in the understanding of the dynamics of microbial populations in the 
reactor has allowed, in the design stage, the incorporation of preventive measures 
against sludge bulking. 

The essence of this mechanism lies in the creation of environmental conditions 
that favour the predominance of floc-forming bacteria over filamentous bacte- 
ria. The most desirable microorganisms in the reactor are then selected by the 
incorporation of special reactors, named selectors, in the design of the biological 
reactor. 

The subject of biological selectors is very broad and complex. Many researches 
are being carried out worldwide, and a substantial progress is being made in the 
understanding of the phenomenon. This chapter intends just to give an introductory 
view on the subject. Further details can be obtained in specific books on the theme, 
such as Jenkins et al. (1993) and Wanner (1994), besides recent technical papers. 

Chapter 12 presents several possible forms of controlling sludge-bulking prob- 
lem in existing wastewater treatment plants. 


10.2 TYPES OF SELECTORS 
10.2.1 Classification concerning the physical configuration 


In terms of configuration of the selectors, there are basically the following types 
(see Figure 10.2): 


e plug-flow reactors 
* separate, sequential compartments in plug-flow reactors 
* separate selector tanks upstream of complete-mix reactors 


The three types are based on the principle that a high F/M ratio favours the 
predominance of floc-forming organisms. This is due to the fact that, in the zone of 
large food availability (high F/M), the floc-forming bacteria have better conditions 
to assimilate the high load of substrate than the filamentous bacteria (Metcalf and 
Eddy, 1991). 

In plug-flow reactors (Fig. 10.2.a), the inlet end of the reactor has a high F/M 
ratio, due to the higher BOD concentrations caused by the entrance of the influent 
wastewater. In fact, studies in several activated sludge plants with plug-flow reac- 
tors have indicated a better sludge settleability and lower SVI values than in plants 
with complete-mix reactors (WRC, 1990). A plug-flow reactor is predominantly 
longitudinal, either by means of a long, unidirectional tank, or by means of a tank 
with several U or baffle walls (see Figure 7.4 of a U-shaped reactor). The U-shape, 
which is also frequently used in biological nutrient removal plants, enables the 
allocation of a reactor approaching plug flow in a not predominantly longitudinal 
area. Besides that, the length of some piping can be reduced, especially that of the 
internal recirculation line. 
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PHYSICAL CONFIGURATIONS OF SELECTORS 
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SEDIMENTATION 
TANK 
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SEDIMENTATION 
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Figure 10.2. Types of configurations of biological selectors 


In plug-flow reactors, the initial part can be divided into compartments by 
dividing walls, creating one or more selectors physically separated from the main 
part of the reactor (Figure 10.2.b). Each of these compartments has a high F/M 
ratio, a small volume, and a short detention time. 

In the case of complete-mix reactors, the selector should comprise a separate 
tank (Figure 10.2.c), also with a high F/M ratio and a short detention time. A 
complete-mix reactor is predominantly square or not very elongated in plan. 

The design of a plug-flow reactor can still incorporate an additional flexibility 
relating to the influent addition point. If the influent is distributed at several points 
along the tank, the system is named step feeding. This configuration is also used 
for the control of solids in the system (Keinath, 1981; EPA, 1987; Copp et al., 
2002). When the secondary sedimentation tank can no longer accommodate the 
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VARIATIONS OF THE PLUG-FLOW REACTOR 


CONVENTIONAL PLUG FLOW 


|X E š 


STEP FEED 
(WITHOUT ADDITIONAL SOLIDS STORAGE) 


| | | | 


STEP FEED 
(WITH ADDITIONAL SOLIDS STORAGE) 


el | | 


X = closed inlet 


Figure 10.3. Variations of the plug-flow reactor. Conventional reactor and step feeding 


solids, and the sludge blanket begins to rise (due, for instance, to sludge bulking), 
the solids can be temporarily stored at the entrance of the reactor, provided that the 
influent is diverted further downstream (Figure 10.3). This constitutes a measure 
to control the effect of the bulking, and not its cause. However, it is effective, being 
an additional resource available for the operator in the important aspect of the 
control of solids. 

See Section 3.3 for a specific analysis of activated-sludge reactors. 


10.2.2 Classification concerning the availability of oxygen 


Regarding the presence or absence of oxygen, the selectors can be of either one of 
the three types below: 


e aerobic 
e anoxic 
e anaerobic 


The purpose of having different types of selectors is that, by recognising the 
different environmental requirements of the several organisms, it is possible to 
create environmental conditions that favour the growth of selected organisms. 
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Table 10.1. Comparison between the selector types 


Activated sludge and aerobic biofilm reactors 


Type of selector 


Advantage 


Disadvantage 


Aerobic * Simple process * Does not reduce the oxygen 
e Does not need internal requirements 
recirculations, besides the * Requires a complex aeration 
sludge return system to supply the maximum 
* Depends on the tank geometry, oxygen demand in the initial 
and not on nitrification zone of high F/M ratio 
Anoxic e Allows savings in the oxygen = * Cannot be used ina 
requirements non-nitrifying process 
e Allows savings in alkalinity e Requires an additional internal 
consumption (increases the recirculation line 
resistance to pH reduction) e Requires care in the design and 
e Reduces the denitrification operation, to reduce the 
possibilities in the secondary introduction of oxygen into 
sedimentation tank and the the anoxic zone 
occurrence of rising sludge * A poor design can cause sludge 
e The initial zone of high F/M bulking due to low DO levels 
ratio occurs in the anoxic zone | * Operational problems can 
(the high oxygen demand is generate bad odours 
supplied by nitrate, instead of 
oxygen) 
Anaerobic * Simple design * Does not reduce the oxygen 


Does not need internal 
recirculations, besides the 
sludge return 

Selector of simpler operation 
Can be used for biological 
phosphorus removal 


requirements 

It may not be compatible with 

high sludge ages 

Requires care in the design and 

operation, to reduce the 

introduction of oxygen into the 

anaerobic zone 

* A poor design can cause sludge 
bulking due to low DO levels 


Source: partly adapted from WEF/ASCE (1992) 


The design of the selector-reactor system should be compatible with a broader 
view of the treatment plant as a whole. Aspects to be taken into consideration 
include (a) the nitrification capacity of the system (function of the sludge age) and 
(b) the desirability to encourage the denitrification in the reactor (function of the 
reactor configuration and of the recirculations). It is interesting that the selector 
is provided with an additional flexibility, allowing it to work as either anoxic or 
aerobic (Sampaio and Vilela, 1993) 

The anoxic and anaerobic zones should be provided with stirrers, to ensure that 
the biomass remains in suspension. In the aerobic zones, there should be either 
mechanical or diffused air aeration. 

Table 10.1 presents a balance between the advantages and disadvantages of the 
three types of selectors, related to the availability of oxygen. 
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Process control 


11.1 INTRODUCTION 


The main purposes of the implementation of operational control in a wastewater 
treatment plant can be (Andrews, 1972, 1974; Lumbers, 1982; Markantonatos, 
1988; von Sperling and Lumbers, 1988; Olsson, 1989, von Sperling, 1990): 


e produce a final effluent with a quality that complies with the discharge 
standards 

e reduce the variability of the effluent quality 

e avoid large process failures 

e reduce operational costs 

e increase the treatment capacity without physical expansion of the system 

* implement an operation with variable efficiency to accommodate seasonal 
variations 

e reduce labour requirements 

e allow faster start-up 


Being highly variable, the influent loads to a sewage treatment plant repre- 
sent an incentive for the adoption of operational control but, at the same time, 
they introduce a great difficulty in its implementation. The control of a sewage 
treatment plant differs from the control of an industrial process, mainly regarding 
the great variability in the characteristics of the influent. In industrial processes, 
where control techniques have been traditionally used, the characteristics of the 
influent are deterministic, or have minor variations around the reference value, 
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being usually directly controllable. An additional complexity of biological treat- 
ment systems results from its own dynamics, which contains (a) non-linearities, 
(b) very wide ranges of time constants, (c) a heterogeneous culture of microor- 
ganisms metabolising a heterogeneous substrate, (d) inaccuracy and (e) stability 
interrupted by abrupt failures (Beck, 1986). 

In terms of automated operational control, additional difficulties that have re- 
duced its application in a broader way have been (Lumbers, 1982; Beck, 1986; 
Markantonatos, 1988; von Sperling, 1990): 


e the characteristics of the influent are of a dynamic, stochastic nature, with 
unknown disturbances and measurement noises superposed to variations 
in the process 

e the effect of the control actions varies for the different process variables, 
in terms of time lag and magnitude of the response 

e there is a lack of reliable on-line sensors for some process variables 

e not all the process variables can be directly measured 

e the control actions are usually limited by the physical restrictions of the 
system 

* in several plants, the possibility of control is limited due to a design with 
little flexibility 

* there are difficulties in incorporating complex process models in the control 
algorithms and, conversely, there are limitations in the control strategies 
based on very simple process models 


However, several of these problems have been recently reduced by the develop- 
ment of more robust sensors, cheaper and more accessible information technology, 
more reliable mathematical models, new control algorithms, and designs that are 
more flexible and adaptable to automated strategies. The automated, advanced 
control of real-scale activated sludge plants is covered in several IWA publications 
and scientific and technical reports (e.g., Copp et al., 2002), von Sperling (1989a, 
1990, 1992, 1994d), von Sperling and Lumbers (1988, 1991a, 1991b) and Olsson 
and Newell (1999)). 

Because the advanced control algorithms depend on dynamic models of the 
system, which are not covered in this book, they are not dealt with in this chapter. 
The objective of the chapter is to provide the control principles of the activated 
sludge process, without going into detail into the control algorithms and the prin- 
ciples of control engineering. Therefore, this text presents only the classical or 
conventional control strategies. 

Special attention is given in this chapter to two process variables: dissolved 
oxygen (DO) and mixed liquor suspended solids (MLSS). These two variables 
play an important role in the efficiency and in the operational costs of the activated 
sludge plants, as it has been already described in several sections of this book. 

The last section in this chapter covers the important topic of monitoring, which is 
an essential requirement for process control and the evaluation of the performance 
of the plant. 
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11.2 BASIC CONCEPTS OF PROCESS CONTROL 
11.2.1 Variables involved 


Some basic concepts of control engineering applied to wastewater treatment plants 
are briefly described here. The operational control of a treatment plant can be 
classified according to the degree of automation, as follows (Andrews, 1972): 


* manual operation, with (a) evaluation of the performance by human senses 
and (b) manual process control 

e manual operation, with (a) performance evaluation by analyses or indicat- 
ing or recording instruments and (b) manual process control 

e automatic control, with (a) evaluation of the performance by automated 
sensors and (b) automated process control 


In this chapter, emphasis is given to the second operational form, which is more 
frequently practised in developing regions. 

In a control system, an important step is the identification of the variables in- 
volved in the process. Four types can be distinguished (von Sperling and Lumbers, 
1988; von Sperling, 1990) (see Figure 11.1): 


e input variables 

e control variables (state variables and/or output variables) 

e measured variables (input variables and/or control variables) 
e manipulated variables 


The input variables are those that force the system (forcing functions) and that 
cannot be directly controlled in most of the treatment plants. Examples are the 
influent characteristics, such as flow, BOD, SS and TKN. 

The control variables are those that need to be controlled. They include the 
state variables, such as MLSS, DO and the sludge blanket level. A particular case 


VARIABLES INVOLVED IN THE CONTROL 
OF THE ACTIVATED SLUDGE PROCESS 


manipulated 
variable 


output 


input 
ae variable 


variable 


state 
variable 


ga 
manipulated ZA, manipulated 
variable N, variable 

A 


Figure 11.1. Variables involved in the control of the activated sludge process 
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is represented by the output variables, which define the effluent quality, such as 
effluent BOD, SS and N. 

The measured variables are the input, control or other variables, which provide 
information for the definition of the control action. The selection of the variables 
depends on the control algorithm and on the suitability for either direct or on-line 
measurement. 

The manipulated variables are those that are altered to maintain the control 
variables at the desired level, as determined by the control algorithm. The ac- 
tivated sludge process is relatively poor in terms of availability of manipulated 
variables, compared with industrial production lines, but it is one of the most flexi- 
ble processes in comparison with other wastewater treatment processes. The main 
manipulated variables in the activated sludge systems are: 


e aeration level (oxygen transfer coefficient — Ka) 
e return sludge flow (Qr) 
e excess sludge flow (Qex) 


Other manipulated variables can be the influent flow (if there are equalisation 
tanks), storage of the return sludge (requiring an additional tank), and variation of 
the inlet point in step-feed reactors. As they are more specific, these control forms 
are not covered in this chapter. 


11.2.2 Control algorithms 


There are several algorithms in the control-engineering field that can be used 
for activated sludge systems. The most common ones are the feedback and the 
feedforward controls. 

The feedback control measures the output variable and takes a corrective action 
based on the deviation with relation to the set point. A common example is the 
control of DO, which is measured at each pre-established time interval, either in- 
creasing or decreasing the Kya (manipulated variable) according to the comparison 
between the current and the desired concentration. To guarantee a quick response, 
the dynamics of the control variable should be fast, as it is the case with DO, in 
which the variations occur in a relatively short time. This is due to the fast oxygen 
consumption by the microorganisms and to the fast oxygen transfer by the aerators. 
In the feedback control, it is not necessary to know and model the system, since 
the actions are based on deviations that have already occurred. 

The other control algorithm is the feedforward, in which the corrective actions 
are based on measurements of the input variables. By means of a dynamic model 
of the system, the control variables and the deviations from the set point are esti- 
mated, finally leading to the adjustment of the manipulated variables. An example 
is the control of MLSS by the manipulation of the excess sludge flow (Q,x). As 
the response of the system to variations in Qex is slow, the use of a feedback 
controller would not be adequate, and a feedforward process could be applied. In 
fact, several changes in activated sludge are slow, especially those based on bio- 
chemical reactions. In contrast to the feedback control, in feedforward control,a 
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considerable knowledge of the process is necessary, so that the output variables 
can be estimated. Unfortunately, this is not the case with wastewater treatment 
systems, and the incorporation of a significant portion of feedback control is fre- 
quently necessary (Andrews, 1974). This statement, made in 1974, remains true 
until today, in spite of the deeper knowledge of the process acquired in the past 
years. 

Other control approaches that can be adopted are (a) optimal control and (b) con- 
trol by expert systems and variants. The optimal control implies the existence of an 
objective function (e.g., cost or performance) to be optimised (either minimised or 
maximised) by using appropriate mathematical techniques. Constraints are estab- 
lished to the variables, to conform them to the physical limitations of the system 
and also to specified criteria, such as those related to performance or cost. The 
values of the manipulated variables are determined by an optimisation algorithm 
(von Sperling, 1990; von Sperling and Lumbers, 199 1a, 1992). 

The expert systems, a branch of artificial intelligence, incorporate the knowledge 
of experts, and apply this knowledge to solve problems for the users, whose capacity 
to interpret information and to take control decisions is not the same as that of 
an expert (Berthouex et al., 1989). The expert systems can be used for process 
control or for diagnosis and correction of process failures (von Sperling, 1990; 
von Sperling and Lumbers, 1991b). 


11.3 DISSOLVED OXYGEN CONTROL 


Due to the diurnal variations of the influent BOD and ammonia loads, the oxygen 
demand varies with time following a certain diurnal pattern and also incorporating 
unpredictable or random components. If oxygen is supplied at a constant rate, 
equal to the average oxygen demand, there will be periods of either overaeration or 
underaeration during the day. To avoid this, an oxygen transfer rate corresponding 
to the peak demand is frequently adopted, naturally leading to overaeration periods 
during the day. The control of the dissolved oxygen aims at equalling the supply 
of oxygen to its consumption. 

The methods used to regulate the aeration level vary according to the type of 
aeration (Flanagan et al., 1977; WPCF/ASCE, 1988): 


e mechanical aeration 
e switching on-off of aerators 
e variation of the rotational speed of the aerators (two speeds or variable 
speeds) 
e variation of the level of the aerator (variation of the submergence of 
the aerators by acting on the shaft) 
e variation of the water level (variation of the submergence of the aerators 
by adjusting the outlet weir) 
e aeration by diffused air 
e variation of the speed of the blowers 
e variation of the inlet vanes 
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e adjustment of the suction valves of all operating blowers to maintain a 
constant pressure on the air feeding piping 


In terms of DO control, the conventional solutions are: 


e variation of Ki a according to the time of the day 
e variation of K; a according to the influent flow 
e variation of Kya by feedback control of DO 


The first method represents a simple solution, in which Kça is varied during 
some pre-established hours of the day (Schlegel, 1977). This is a control form that 
is a function of time. However, this solution assumes that the diurnal variations 
are the same everyday, which is improbable, especially if the influent contains a 
representative portion of industrial wastewaters. 

The second method, which assumes the variation of Ky a according to the mea- 
sured influent flow, can also lead to some distortions. The first reason may result 
from the fact that the BOD concentration does not necessarily vary proportionally 
to the flow. The second reason is associated with the lag between the arrival of 
the BOD load and the associated oxygen consumption, due to the time necessary 
for the intracellular assimilation of the particulate carbonaceous material, which is 
not directly available like the soluble form (Clifft and Andrews, 1981b). However, 
both control forms represent an evolution compared with the option of no control, 
allowing energy savings with no need of installation of DO sensors. 

The third conventional system is the feedback control, in which Kya varies 
according to the need to either increase or decrease the DO concentration in relation 
to the set point. As commented, the DO dynamics are fast and, consequently, 
suitable for feedback control. 

An additional stage in the control of DO considers the optimum use of aeration, 
which involves several monitoring locations, variable set points, and manipula- 
tions in the oxygen demand itself (Lumbers, 1982). In this line, alternative or 
complementary approaches are: 


* DO profile 

e respirometry-based control — SCOUR / SNOUR (Specific Carbonaceous 
Oxygen Utilisation Rate / Specific Nitrogenous Oxygen Utilisation Rate) 

e feedforward control 

e self-adjustable control 


The analysis of these advanced items is outside the scope of this text. A com- 
plementary discussion can be found in von Sperling and Lumbers (1988), von 
Sperling (1990) and Copp et al. (2002). 


11.4 SOLIDS CONTROL 
11.4.1 Manipulation of the variables 


The main manipulated variables for the control of solids in the activated sludge 
process are the return sludge flow (Q,) and the excess sludge flow (Qex). From a 
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practical point of view, their importance can be understood as (Takase and Miura, 
1985): 


* Q.x controls the total SS mass in the system, and maintains it at a specified 
value 

e Q, controls the balance between the SS mass in the reactor and in the 
secondary sedimentation tanks, maintaining it at a specified ratio 


The solids control methods based on Q, and Qex are analysed separately here 
for an easier understanding, although both are interconnected. 


(a) Return sludge flow (Q,) 


Strategies commonly used for manipulation of Q, are (von Sperling and Lumbers, 
1988): 


* constant Q, 

e Q, proportional to the influent flow Q 

e Q, function of SVI 

* Q, function ofthe sludge blanket level in the secondary sedimentation tanks 


The return sludge flow maintained constant corresponds to a non-control strat- 
egy, which is very simple and adopted in several wastewater treatment plants. 
However, the return sludge flow should be large enough to accommodate the fluc- 
tuations in the solids load entering the sedimentation tanks (Lohmann and Schlegel, 
1981), in terms of both flow and MLSS, especially the diurnal variations. To achieve 
this objective, a large flow is usually adopted, which generally recirculates more 
sludge than necessary. 

Another very common strategy is the maintenance of Q, proportional to Q, by 
adopting a fixed Q, /Q ratio. This reduces the total quantity of sludge to be pumped 
(Lohmann and Schlegel, 1981) and provides a better balancing of the loads onto 
the sedimentation tanks. 

The third method corresponds to controlling the return sludge flow by measuring 
the Sludge Volume Index (SVI or variants). A high value of this parameter indicates 
poor sludge settleability and the possible need to increase Q,. The SVI tests are not 
usually performed on-line, and the manipulations are made based on the operator’s 
experience. 

The fourth method provides the largest guarantee against the loss of solids in 
the effluent. Its principle is the control of the return sludge flow according to the 
height of the sludge blanket in the secondary sedimentation tanks. Adopting Q, 
as a continuous function of the sludge blanket level can present some difficulties, 
but either increasing or decreasing Q, as soon as the sludge blanket level reaches 
a certain height is a practical solution. For example, if the blanket reaches a high 
specific height, the sensor located in this position detects it and sends a signal so 
that the sludge outlet valve in the sedimentation tanks opens more, thus increasing 
the sludge flow. This control can also be done manually by the operator, in a less 
intensive manner. 
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In the short term, the MLSS (X) and RASS (X,) concentrations are ruled by 
purely hydraulic phenomena, and the bacterial growth reactions are irrelevant. As 
a result, a change in Q, causes a rapid effect on both variables (especially RASS). 
If Q; increases, X also increases, within certain limits, due to the larger solids 
load taken to the reactor. However, an increased Q, usually results in a decreased 
X,, which at last limits the increase in X, until the system reaches a state of 
equilibrium. The reverse happens if Q, is decreased. Thus, it can be understood 
that the variations in MLSS due to the manipulations in Q, are somehow limited. 


(b) Excess sludge flow (Qex) 


Manual control of the excess sludge removal rate is practised in almost all activated 
sludge systems. Some commonly used strategies are: 


e control of MLSS (constant MLSS) 
e control of the sludge load (constant F/M ratio) 
e control of the sludge age (constant 0.) 


Due to the importance of these three procedures, they are covered separately in 
the following section. 


11.4.2 Control of process indicators 


The classical methods, traditionally used for the solids control in activated sludge 
systems, are: 


* control of MLSS (constant MLSS) 
e control of the sludge load (constant F/M ratio) 
e control of the sludge age (constant 0.) 


There are other methods, at an intermediate level, which are not covered in this 
book. They include (a) control of the Oxygen Utilisation Rate, (b) feedback control 
of the effluent BOD, (c) feedback control of the effluent nitrogen, (d) control of 
the sludge blanket level in the secondary sedimentation tank (mentioned above, 
but also subject to control by Qex). 


(a) Control of MLSS 


This is probably the strategy most commonly used by operators, though intuitively. 
Its purpose is to maintain MLSS constant. Ifan appropriate level ofMLSS is main- 
tained, a good quality of the effluent is usually expected. In terms of soluble BOD, 
the control of the MLSS concentration by the removal of excess sludge is equiva- 
lent to the control of the F/M ratio (Item b below) and sludge age (Item c below), 
under steady-state conditions. However, in the operation of a wastewater treat- 
ment plant, steady-state conditions rarely occur, and the system usually operates 
in the dynamic state (continuous variation of the flows and influent concentrations, 
causing continuous changes in the state variables). 

The manipulation of the excess sludge flow is more frequently used for the 
control of MLSS, although the manipulation of the return sludge flow can be used 
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within certain limits. The response of the system to Qex variations is slow (reduced 
mass of solids wasted per day, compared with the existing total solids mass). 
Regarding Q,, the response in the secondary sedimentation tank is fast (smaller 
mass of solids present in the sedimentation tank), while the response is slow in the 
reactor (larger mass of solids and, as a consequence, higher inertia). 

The selection of the desired MLSS level is essential for a successful control. 
The critical aspects include: 


e A constant MLSS implies a variable solids load to the sedimentation tank, 
since the influent flow is usually variable. Depending on the MLSS level, 
this variability can be harmful to the performance of the system in terms 
of effluent suspended solids. 

e The MLSS level affects the removal of carbonaceous matter (BOD) and the 
nitrification and denitrification. Higher MLSS values can increase the BOD 
removal efficiency, but they can, in parallel, cause a higher consumption 
of dissolved oxygen, which can lead to a possible reduction in the DO 
concentration in the reactor, to the point of affecting nitrification. 


(b) Control of the F/M ratio 


The sludge load, or food/microorganism ratio (F/M), is a practical design and 
operational parameter. F/M represents the substrate load per unit sludge mass, 
according to the formula: 


= (11.1) 


where: 
F/M = food/microorganism ratio (d7!) 
Q = influent flow (m?/d) 
So = concentration of influent substrate (BOD; or COD) (g/m?) 
X = biomass concentration (total — MLSS, volatile - MLVSS or active) 
(g/m*) 
V = volume of the reactor (m?) 


The purpose of the control is usually to maintain a constant F/M ratio to ensure 
a uniform substrate removal. The F/M value to be adopted is usually a design data, 
but it is frequently adjusted by experience during the operation. The procedure to 
control the F/M ratio is by adjusting the solids concentration X (by manipulating 
Qex or Qr) according to the influent substrate load to maintain the F/M ratio constant 
(see Equation 11.1). 

However, some problems are related to the F/M control (von Sperling, 1992, 
1994d): 


e BOD; cannot be used in the control as substrate indicator, since laboratory 
results take 5 days to be obtained. 
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e The unit day”! is usually confusing for operators. 

e The F/M ratio is an essentially steady-state parameter, and its association 
with the quality of the effluent is not valid under dynamic conditions, which 
prevail in wastewater treatment plants. 

e The possibilities of instantaneous control of the F/M ratio by using Q, to 
change the MLSS concentration are limited, due to the large mass of solids 
in the reactor. The manipulation of Qex leads to effects only in the medium 
term, being therefore unable to absorb transients and diurnal variations of 
the influent BOD load. 

e The F/M ratio is quantitatively related to the quality of the final effluent only 
in terms of soluble BOD. However, soluble BOD is usually low, especially 
in extended aeration systems (von Sperling and Lumbers, 1989a). The 
biggest problem regarding the effluent BOD is usually the particulate BOD, 
caused by the suspended solids in the effluent. Increased values of MLSS 
to maintain the F/M ratio constant can cause an overload of solids into the 
secondary sedimentation tank, with possible deterioration of the particulate 
BOD of the effluent. 


(c) Control of the sludge age 


Solids Retention Time (SRT), Mean Cell Residence Time (MCRT) and Sludge 
Age (8,) are designations used to express the average time the biomass remains 
in the system. Under steady-state conditions, the growth rate of the cells should 
be compensated by their removal via the excess sludge, to maintain the biomass 
concentration constant. Under these conditions, in which the biomass production 
is equal to its wastage, the sludge age can be defined as: 


O. = (mass of solids in the system)/(mass of solids produced per day) 
= (mass of solids in the system)/(mass of solids wasted per day) (11.2) 


As commented in Section 2.15, there are two classical methods to control the 
sludge age, with the purpose of keeping it at a constant value: 


e wastage of solids from the return sludge line (the concentration of excess 
sludge is equal to the concentration of the return sludge RASS) 

e wastage of solids from the aeration tank or from its effluent (the concen- 
tration of the excess sludge is equal to MLSS). This method is named 
hydraulic control 


The hydraulic control is conceptually simpler, without the need for the mea- 
surement of the solids concentration. A fraction of the volume of the reactor equal 
to 1/0, should be removed daily. Thus, if a 20-day sludge age is desired, a volume 
equal to 1/20 of the reactor should be discarded per day. If this fraction is removed 
daily, the sludge age will remain theoretically constant, independent of the influent 
flow. If the influent BOD load is constant, the concentration of solids will remain 
constant, and the 8, control is equivalent to the control of MLSS. If the influent 
substrate load increases, the concentration of solids will also increase. Hence, both 
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the mass of solids present in the system and the mass of solids being discarded 
will increase proportionally, and the sludge age will remain constant. 

However, these considerations are only valid in the steady state or in each 
hypothetical steady state of the operation, not covering the transients between 
one stage and another. This concept is consequently limited because, in the real 
operation ofa plant, the transients occur more frequently than the occasional steady 
states. In the dynamic state, the two relations in Equation 11.2 are no longer the 
same, and the sludge production is different from the sludge wastage, generating 
either positive or negative mass accumulations in the reactor. Under the steady- 
state assumption, a sudden increase of substrate concentration is assumed as being 
immediately followed by an increase of the biomass concentration. However, the 
bacterial growth takes time, and a deterioration of the effluent will not be noticed 
until a new steady state is achieved (if it is at all achieved). 

Other problems of the control by the sludge age are (von Sperling, 1992, 1994d): 


e The sludge age concept comprises only the soluble substrate in the reactor, 
not covering the usually more important component related to the effluent 
particulate BOD from the system. 

e The sludge age concept was mainly developed for the removal of carbona- 
ceous matter. However, the sludge age of the nitrifying bacteria, whose 
growth rate is very slow, is usually different from the sludge age of the 
heterotrophic bacteria responsible for the BOD removal (under dynamic 
conditions and modifications of the environmental conditions, such as dis- 
solved oxygen concentration). Therefore, there is no general sludge age 
for all bacteria. 

e The control by sludge age does not take into consideration the contribution 
of the influent inert SS to the biological stage, which can change the balance 
between production (including influent) and wastage of solids. 

e The control of the sludge age focus only on the reactor, and does not 
take into consideration the important stage of final sedimentation and its 
implications on the quality of the final effluent, in terms of suspended solids 
and particulate BOD. 


(d) Discussion on the classical methods 
A general evaluation of the classical methods leads to the following main points: 


e The classical strategies do not integrate the simultaneous control of the 
reactor and the secondary sedimentation tank, and do not recognise the 
fundamental importance of the secondary sedimentation tank to the overall 
quality of the effluent. 

e The classical strategies do not focus simultaneously on the purposes of 
removing the carbonaceous and nitrogenous matter. 

e The classical strategies are based mainly on the separate manipulation of 
the return sludge and the excess sludge. Therefore, its potential for an 
integrated and simultaneous manipulation is not used. 
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e There is an inherent difficulty regarding the choice of the MLSS, 0, or F/M 
value to be maintained. A certain value can be satisfactory under certain 
conditions, but unsatisfactory under others. 

e The classical strategies are based on steady-state operating conditions, 
which rarely occur in real practice. 


Based on the considerations mentioned above, an impression might have been 
created that there are no adequate strategies for the control of activated sludge 
systems, which are, paradoxically, the most flexible wastewater treatment process. 
This impression should not be true, and the point discussed herein is that an 
integrated management should be adopted, instead of the usual approach to control 
the system according to a single variable only. Even a simple combination of two 
control variables, such as MLSS and sludge blanket level, has better chances of 
being successful in terms of the overall performance than each of the separate 
strategies. 

Besides that, it is believed that a dynamic model for the reactor — secondary 
sedimentation tank system can be directly used to evaluate a control strategy. Even 
though there is still a certain reluctance by many operators in using mathematical 
models, it should be remembered that strategies conceptually as simple as the con- 
trol by sludge age or by F/M ratio have as a support a model (although simplified) 
of the kinetics of bacterial growth and substrate removal. 

The ideal approach is the adoption of a dynamic model that, even with a sim- 
plified structure, covers the reactor and the secondary sedimentation tank, and 
simulates the removal of carbonaceous and nitrogenous matter. The simultaneous 
consideration of the units and processes is considered a minimum requirement 
for any control strategy to be adopted. However, due to their complexity, dynamic 
models are not included in the scope of this book. 

In summary, it is believed that the control strategies to be adopted should have 
the following characteristics (von Sperling, 1992, 1994d): 


e Integrated control of the system, by (a) simultaneous actuation on the ma- 
nipulated variables (Q, and Qex), (b) consideration of the interactions be- 
tween the reactor and the secondary sedimentation tank, (c) consideration of 
the simultaneous purposes of BOD, SS and ammonia (sometimes N and P) 
removal and (d) incorporation of the minimisation of the operational costs 
as some of the purposes. 

e Operation not directed to the control of certain variables (e.g., MLSS, 
F/M or 0.) to fixed (questionable) set points, but to the output variables 
(e.g., BOD, SS, ammonia), which should explicitly comply with quality 
standards for the effluent. 

e Non-use ofa single process indicator or a single variable (e.g., MLSS, F/M 
or 9c), but use of an integrated dynamic model of the system, covering 
the reactor and the secondary sedimentation tank, and with all the impor- 
tant input, state and manipulated variables interacting simultaneously. The 
model, and not just a single variable, should be used to drive the control 
strategy (von Sperling, 1990). 
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Table 11.1. Monitoring programme for activated sludge systems (liquid phase) 


Sample 
Place Parameter Use Frequency Type 
Raw sewage BOD PE Weekly composite 
COD PE Weekly composite 
ss PE Weekly composite 
VSS PE Weekly composite 
TKN PE Weekly composite 
pH PC Daily simple 
Alkalinity PC Weekly simple 
Coliforms PE Weekly simple 
Primary effluent BOD PE Weekly composite 
COD PE Weekly composite 
SS PE Weekly composite 
Reactor Temperature PC Daily simple 
DO PC Daily or continuous simple or sensor 
SS PC Daily or continuous simple or sensor 
VSS PC Weekly simple 
NO” PC Weekly simple 
SVI PC Daily simple 
Return sludge SS PC Daily composite 
Final effluent BOD PE Weekly composite 
COD PE Weekly composite 
ss PE Weekly composite 
SSV PE Weekly composite 
TKN PE Weekly composite 
NH; PE Weekly composite 
NO.” PE Weekly composite 
NOs” PE Weekly composite 
pH PE Daily simple 
Coliforms PE Weekly simple 


PE = performance evaluation; PC = process control 

Other wastewater characterisation parameters can be included, depending on the need 
The programme can vary according to the size and relative importance of the plant 
Source: adapted from WEF (1990) 


11.5 MONITORING THE SYSTEM 


Process monitoring is essential for its adequate performance. Table 11.1 proposes a 
programme for typical activated sludge plants, without automated process control. 
Naturally, depending on the size and the degree of relative importance of the 
treatment plant, the frequency and the number of parameters can be either increased 
or reduced. 
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Identification and correction 
of operational problems 


12.1 INTRODUCTION 


This chapter presents a synthesis of the main operational problems liable to occur 
in activated sludge systems, including their causes and control measures. Due to 
the large variety of problems, the list does not intend to be exhaustive and deep, 
but only an initial guide for the operator. The items focused refer to the increase in 
the concentration of the following parameters in the final effluent: (a) suspended 
solids, (b) BOD and (c) ammonia. 

The structure of the presentation is in terms of a knowledge basis, which can be 
used for the development of expert systems for guiding the operator in the solution 
of operational problems. 

The classification of the problems, their detection, causes and control forms are 
based on a review of several references, including Adelusi (1989), Gall and Patry 
(1989), WRC (1990), Kwan (1990), WEF (1990), Gray (1991), Metcalf and Eddy 
(1991) and Wanner (1994). 
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12.2 HIGH CONCENTRATIONS OF SUSPENDED SOLIDS 
IN THE EFFLUENT 


12.2.1 Causes 


e Rising sludge 

e Bulking sludge 

e Pin-point floc 

e Dispersed sludge 

e Overload of solids in the secondary sedimentation tanks 
(non-bulking sludge) 

e Hydraulic overload in the secondary sedimentation tanks 

e Foam and scum 

e Other operational problems of the secondary sedimentation tanks 


12.2.1.1 Rising sludge 


Detection: 


e Sludge clumps floating on the secondary sedimentation tank surface 

e Gas bubbles entrapped in the floc 

e Supernatant possibly clarified (except for the clumps); low turbidity 

e Possibly high SVI 

e Non-significant presence of filamentous bacteria on microscopic 
examination 


Causes: 


e Denitrification in the secondary sedimentation tank (with release of nitrogen 
gas bubbles) 

e Gas bubbles adhered to the floc 

e Septic sludge (with release of gas bubbles from anaerobic decomposition) 

e Emulsified grease and oil 


Detailing and correction of the causes: 


(a) Denitrification in the secondary sedimentation tank 


Cause 1: Insufficient denitrification in the preceding units 


Secondary * Lack of anoxic zones in the preceding units 

causes * Insufficient anoxic zones in the preceding zones 

* Insufficient organic carbon in the anoxic zone 

* Insufficient amount of nitrified effluent in contact with the 
anoxic zone 

* pH in the anoxic zone outside the range from 6.5 to 8.0 
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Control 


1. Create or increase the anoxic zone in the reactor, and 
ensure that the denitrifying bacteria are supplied with 
enough organic carbon: 

e Anoxic zone downstream the aerated zone 

(post-denitrification) 

— Introduce/increase bypass of raw sewage to the 
post-anoxic zone (raw sewage as source of 
organic carbon) 

— Increase volume of the anoxic zone 

— If it is not possible to add raw sewage to the anoxic 
zone, complement the organic carbon 
requirements with methanol or other similar 
product 

e Anoxic zone upstream the aerated zone 

(pre-denitrification) 

— Introduce/increase internal recirculation from 
the aerated zone (nitrified liquid) to the anoxic 
zone 

— Avoid recirculation containing oxygen 

— Increase volume of the anoxic zone 

* Anoxic zones upstream and downstream the aerated 
zone 

— Introduce/increase internal recirculation from 
the aerated zone (nitrified liquid) to the anoxic 
zone 

— Avoid recirculation containing oxygen 

— Increase volume of the anoxic zone 

e Simultaneous nitrification/denitrification (oxidation 
ditches) 

— control aeration to maintain a balance between the 
aerobic/anoxic zones (nitrification/denitrification) 
(for pH control: see Section 12.2.1.2.b) 

2. If the pH is out of range, wait a certain time, since 
nitrification will also be affected, thus reducing 
denitrification itself 

3. Reseed with active denitrifying biomass 


Cause 2: Long detention time of the sludge in the secondary 


sedimentation tank 


Secondary 
causes 


e Low return sludge flow 
* Low velocity of the sludge removal mechanism 
e Problems with the sludge removal mechanism 
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Control 1. Reduce the sludge detention time in the secondary 

sedimentation tank 

* Increase the return sludge flow 

* Increase the velocity of the sludge scraping or 
collection mechanism 

* Repair the sludge scraping or collection mechanism, 
if defective 

e If the problem is in only one or in some tanks, reduce 
the influent flow to the defective tanks 


Cause 3: Undesired nitrification in the reactor, leading to denitrification in 
the secondary sedimentation tank 
Secondary * If the activated sludge system has not been designed to 
cause nitrify and denitrify (effluent ammonia is not an 
important item in this plant) and if nitrification is 
occurring, it may lead to denitrification in the secondary 
sedimentation tank 


Control 1. Either reduce or eliminate nitrification in the reactor 

e Reduce the DO concentration in the reactor 

e Reduce the sludge age by increasing the excess 
sludge flow 


(b) Gas bubbles attached to the floc 


Causes e If diffused air is used, an excessive aeration can cause 
bubbles adhered to the floc 

e If there is a post-anoxic zone, nitrogen gas bubbles may 
remain adhered to the floc directed to the secondary 
sedimentation tank 


(Control 1. Reduce the aeration level 

Introduce a reaeration stage after the anoxic zone, to 
release the gas bubbles prior to the secondary 
sedimentation tank 


(c) Septic sludge 


Detection e Odour 
* Analyse sewage in terms of sulphides and volatile organic 
acids 


Causes e Low return sludge flow 
e Problems with the mechanical scrapers 
* Presence of highly concentrated industrial wastes 
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Control 


Reduce the sludge detention time in the secondary 

sedimentation tank 

* Increase the return sludge flow 

* Increase the velocity of the sludge scraping or 
collection mechanism 

* Repair the sludge scraping or collection mechanism, 
if defective 

* If the problem is in only one or in some tanks, reduce 
the influent flow to the defective tanks 

Increase the removal efficiency of the highly 

concentrated industrial wastes 

* Reduce the excess sludge flow to increase the 
MLVSS concentration 

* Increase the aeration level (see Section 12.2.1.2.a) 


(d) Emulsified grease and oil 


Cause 


e Industrial wastes 


Control 


Use hose jets to direct oil and grease to the scum 
remover 


2. Verify whether the scum removal equipment in the 


primary and secondary sedimentation tanks are 
working well 

Increase the frequency and duration of the surface 
scraping to assure an appropriate removal of oil and 
grease 


4. Verify, in the primary sedimentation tank, whether the 


effluent baffle is deep enough to prevent oil and grease 
from passing underneath 
Remove the oil and grease at the source 


12.2.1.2 Bulking sludge 


Detection: 


High SVI value 


e Cloudy mass in the secondary sedimentation tank 


e Low concentration of SS in the return sludge 

e High sludge blanket level 

e Clear supernatant 

e Filamentous bacteria present in the microscopic examination 


Causes: 
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e Low concentrations of DO in the reactor 

e pH lower than 6.5 

e Low floc load in the entrance of the reactor 
e Nutrient deficiency 

e Septic sewage 
e Presence of large amounts of rapidly degradable carbohydrates 


Control based on the causes of the problem: 


(a) Low DO concentrations in the reactor 


Cause 1: Insufficient oxygen supply due to problems in the aeration system 


¢ Mechanical aeration 


Secondary e Defective aerators 

causes * Defective DO control system 
* Accidental switching-off of the aerators 
* Power failure 

Control * Repair or replace defective aerators 


* Lubricate bearings and motors of the aerators 

* Repair defective DO control system 

* In case of frequent power failures, install stand-by 
generator 


* Difjused-air aeration 


Secondary * Clogged diffusers 
causes * Dirty blowers 
* Defective blowers 
* Defective DO control system 
* Power failure 
Control 1. Clean clogging in the diffusers 


* Fixed porous dome diffusers: empty the tank and 
scrub with detergent or mild muriatic acid 

* Tube diffusers: remove the tubes from the tanks and 
replace them, allowing the aeration to continue. 
Clean the tube with running water, and leave it in a 
strong detergent solution. Rinse it, and test its 
permeability under pressure 


2. Increase temporarily the air flow to clean clogged 


coarse bubble diffusers 


3. Install air purification system before the air enters the 


diffusers 
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Use solvents to clean blowers 

Lubricate/replace bearings when necessary 

Repair defective DO control system 

In case of frequent power failures, install a stand-by 
generator 


SON eS 


Cause 2: Insufficient oxygen supply due to inadequate control of the aeration 


rate (for mechanical aeration) 


¢ Manual control by switching on/off the aerators 


Secondary 
causes 


* Selection of an excessive switching-off time of the 
aerators 

e Selection of an excessive number of switched-off aerators 

* Incorrect selection of the switching on/off times of the 
aerators 

* Incorrect selection of the aerators to be turned off 

e Stepwise variation of the aeration rate, leading to periods 
with insufficient aeration 

Insufficient submergence of the aerators 


Control 


1. Reduce the duration of certain switching-off periods of 
the aerators 

2. Reduce the number of aerators turned off 

3. Change the selection of the switching-off times of the 
aerators 

4. Change the selection of the aerators to be turned off 

5. Increase submergence of the aerators 


* Manual control by two rotation-speed aerators 


Secondary 
causes 


e Incorrect selection of the rotation reduction times 

* Incorrect selection of the aerators to have their rotation 
reduced 

e Stepwise variation of the aeration rate, leading to periods 
with insufficient aeration 

e Defective rotation variation mechanism 


Control 


* Change the selection of the rotation reduction times 

* Change the selection of the aerators to have their rotation 
reduced 

* Install more aerators 

e Verify the rotation variation control mechanism 


e Switching on/off control by timer 


Secondary e Refer to “Manual control by switching on/off” above 
cause 
Control 1. Refer to “Manual control by switching on/off” above 
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e Manual s 


witching on/off control by continuous DO measurement and 


limit value alarm 


Secondary 
causes 


e Refer to “Manual control by switching on/off” above 

* Incorrect switching off alarm set point 

* Poor operation of the DO sensor due to (a) defective 
instrument, (b) insufficient calibration, (c) incorrect 
calibration or (d) foul sensor 


Control 


Refer to “Manual control by switching on/off”above 
Adjust the switching off alarm set point 

Verify the DO sensor: 

* Replace defective parts 

* Recalibrate 

* Clean sensor 


* Manual control by two rotation-speed aerators, by continuous DO 
measurement and limit value alarm 


Secondary 
causes 


e Refer to “Manual control by two rotation-speed aerators” 
above 

* Incorrect switching off alarm set point 

* Poor operation of the DO sensor due to (a) defective 
instrument, (b) insufficient calibration, (c) incorrect 
calibration or (d) foul sensor 


Control 


Refer to “Manual control by two rotation-speed 
aerators” above 

Adjust the switching off alarm set point 

Verify the DO sensor: 

* Replace defective parts 

* Recalibrate 

* Clean sensor 


* Automatic switching on/off control of aerators, based on continuous DO 
measurements 


Secondary 


* Refer to “Manual switching on/off control by continuous 


causes 


causes DO measurement and limit value alarm” above 
* Excessively low “switch on” point 
* Excessively low “switch off” point 
Control 1. Refer to “Manual switching on/off control by 
continuous DO measurement and limit value alarm” 
above 
2. Raise “switch on” point 
3. Raise “switch off” point 
* Automatic control of two rotation-speed aerators, based on continuous 
DO measurements 
Secondary e Refer to “Manual control by two rotation-speed aerators, 


by continuous DO measurement and limit value alarm” 
above 
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Control 


1. Refer to “Manual control by two rotation-speed 
aerators, by continuous DO measurement and limit 
value alarm” above 


* Automatic control of multiple-rotation speed aerators, based on 
continuous DO measurements 


Secondary 
causes 


e Refer to “Automatic control of two rotation-speed aerators, 
based on continuous DO measurements” above 

* Low DO set point 

* Insufficient range for variation of the rotation speed 

* Inadequate relation between the aerator rotation and the 
DO (gains from the feedback control) 

* Increased rotation does not lead to increased oxygen 
transfer rate 


Control 


1. Refer to “Automatic control of two rotation-speed 
aerators, based on continuous DO measurements” 
above 

2. Raise DO set point 

3. Change parameters in the relation between rotation 
speed and DO (gains from the feedback control) 

4. Verify rotation variation mechanism and repair/replace 
defective parts 


* Automatic control of the aeration level by variation of the outlet weir 
level, based on continuous DO measurements 


Secondary 
causes 


* Low DO set point 

Insufficient weir level variation range 

* Inadequate relation between the weir level and the DO 
(gains from the feedback control) 

* Increased weir level does not lead to increased oxygen 
transfer rate 

e Defective weir level variation mechanism 

* Poor operation of the DO sensor due to (a) defective 
instrument, (b) insufficient calibration, (c) incorrect 
calibration or (d) foul sensor 


Control 


1. Raise DO set point 

2. Change parameters in the relation between weir level 
and DO (gains from the feedback control) 

3. Verify weir level variation mechanism and 
repair/replace defective parts 

4. Verify the DO sensor: 
e Replace defective parts 
* Recalibrate 
e Clean sensor 
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* Automatic control of the aeration level by variation of the level of the 
vertical shaft of the aerator, based on continuous DO measurements 


Secondary * Low DO set point 

causes * Insufficient range of variation of aerator shaft 

* Inadequate relation between the shaft level and the DO 
(gains from the feedback control) 

* Lowering the shaft level of the aerator not leading to 
increased oxygen transfer rate 

* Defective mechanism for variation of the shaft level 

* Poor operation of the DO sensor due to (a) defective 
instrument, (b) insufficient calibration, (c) incorrect 
calibration or (d) foul sensor 


Control 1. Raise DO set point 

2. Change parameters in the relation between shaft level 
and DO (gains from the feedback control) 

3. Verify mechanism for variation of shaft level, and 
repair/replace defective parts 

4. Verify the DO sensor: 
* Replace defective parts 
e Recalibrate 
* Clean sensor 


Cause 2: Insufficient oxygen supply due to inadequate control of the aeration 
rate (for diffused air aeration) 


* Manual control by switching on/off blowers 


Secondary * Selection of an excessive switching-off time of the 

causes blowers 

* Selection of an excessive number of blowers turned off 

* Incorrect selection of the switching on/off times of the 
blowers 

e Stepwise variation of the aeration rate, leading to periods 
with insufficient aeration 


Control 1. Reduce the duration of certain switching-off periods of 
the blowers 

2. Reduce the number of blowers turned off 

3. Change the selection of the switching-off times of the 
blowers 


* Manual control by variation of the opening of the inlet vanes 


Secondary * Insufficient opening of the inlet vanes 

causes * Incorrect selection of the opening/closing times of the 
vanes 

(Control 1. Open the inlet vanes more 


2. Change the selection of the opening/closing times of 
the vanes 
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* Switching on-off control of the blowers by timer 


Secondary * Refer to “Manual control by switching on/off blowers” 
causes above 
Control 1. Refer to “Manual control by switching on/off blowers” 


above 


e Control of the variation of the opening of the inlet vanes by timer 


Secondary e Refer to “Manual control of the variation of the opening 
causes of the inlet vanes” above 
Control 1. Refer to “Manual control of the variation of the 


opening of the inlet vanes” above 


e Manual switching on/off control of blowers by continuous DO 
measurement and limit value alarm 


Secondary 
causes 


e Refer to “Manual switching on/off control of blowers” 
above 

* Incorrect switching-off alarm set point 

* Poor operation of the DO sensor due to (a) defective 
instrument, (b) insufficient calibration, (c) incorrect 
calibration or (d) foul sensor 


Control 


1. Refer to “Manual switching on/off control of blowers” 
above 
2. Adjust the switching-off alarm set point 
3. Verify the DO sensor: 
* Replace defective parts 
* Recalibrate 
e Clean sensor 


* Manual control for opening of the inlet vanes by continuous DO 
measurement and limit value alarm 


Secondary 1. Insufficient opening of the inlet vanes 
pauses 2. Incorrect switching-off alarm set point 
3. Poor operation of the DO sensor due to (a) defective 
instrument, (b) insufficient calibration, (c) incorrect 
calibration or (d) foul sensor 
(Control 1. Open the inlet vanes more 


. Adjust the switching-off alarm set point 
3. Verify the DO sensor: 
e Replace defective parts 
e Recalibrate 
e Clean sensor 


Identification and correction of operational problems 247 


e Automatic control of the aeration level by switching on/off the blowers, 
based on continuous DO measurements 


Secondary e Excessively low “switching on” point 

causes e Excessively low “switching off” point 

e Stepwise variation of the aeration rate, leading to periods 
with insufficient aeration 

* Poor operation of the DO sensor due to (a) defective 
instrument, (b) insufficient calibration, (c) incorrect 
calibration or (d) foul sensor 


Control 1. Raise the “switching on” point 
. Raise the “switching off” point 
3. Verify the DO sensor: 
* Replace defective parts 
* Recalibrate 
* Clean sensor 
* Automatic control of the aeration level by variation of the opening of the 
vanes, based on continuous DO measurements 


Secondary * Low DO set point 

causes * Inadequate relation between the opening of the vanes and 
the DO (gains from the feedback control) 

* Poor operation of the DO sensor due to (a) defective 
instrument, (b) insufficient calibration, (c) incorrect 
calibration or (d) foul sensor 

Control 1. Raise DO set point 

2. Change parameters in the relation between opening of 

the vanes and DO (gains from the feedback control) 

3. Verify the DO sensor: 

* Replace defective parts 
e Recalibrate 
e Clean sensor 

* Automatic control of the aeration level by variation of the rotation of the 

blowers, based on continuous DO measurements 


Secondary * Low DO set point 

causes * Inadequate relation between rotation of the blowers and 
DO (gains from the feedback control) 

* Poor operation of the DO sensor due to (a) defective 
instrument, (b) insufficient calibration, (c) incorrect 
calibration or (d) foul sensor 

Control 1. Raise DO set point 

2. Change parameters in the relation between rotation of 

the blowers and DO (gains from the feedback control) 

3. Verify the DO sensor: 

* Replace defective parts 
e Recalibrate 
* Clean sensor 
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Cause 3: Insufficient aeration capacity 


Control 


1. Mechanical aeration: 
* Investigate the cost-benefit relation for installation of 
more aerators 
* Investigate the cost-benefit relation for a local 
supplementation of oxygen for peak periods 
2. Diffused air aeration: 
* Investigate the cost-benefit relation for installation of 
more diffusers and blowers 
* Investigate the cost-benefit relation for a local 
supplementation of oxygen for peak periods 


Cause 4: Excessive oxygen consumption 


e Consumption for BOD oxidation (synthesis) 


Secondary * High influent BOD load 
causes * High load ofsolids and BOD returned from the supernatant 
of sludge thickeners 
* High load of BOD returned from the supernatant of sludge 
digesters 
Control 1. Regulate the influent flow 


* Use stormwater storage tanks to reduce peaks (in 
combined sewerage systems) 
* Introduce/use equalisation tanks 
2. Improve the operation of the thickeners 
* Remove thickened sludge more frequently 
e Reverse operation from continuous to batch (or 
vice-versa) 
* Add coagulants or coagulant aids to improve sludge 
thickening 
3. Improve the operation of the digesters 
* Prevent the entrance of excessive volumes of highly 
organic sludge in the digester 
* Prevent the entrance of toxic materials in the 
digesters, which can inhibit the methanogenic 
organisms 
* Ensure adequate mixing in the digesters 
* Suspend temporarily the removal of supernatant from 
the digesters 
4. Return supernatant from the thickeners or digesters 
during periods of low influent flow 
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¢ Consumption for biomass respiration (endogenous respiration) 

Secondary * High MLSS concentrations 

causes e Low excess sludge flow 

* Low frequency of removal of excess sludge 

* Limited thickening, digestion, dewatering, storage and 
disposal capacity for the sludge 

* High return sludge flow 

* High influent organic load leading to a high growth of 
the biomass 

* Problems with the excess sludge removal pumps 


Control 1. Reduce the MLSS concentration 

Increase the excess sludge removal flow 

* Increase the removal frequency of the excess sludge 

e Analyse the need/feasibility to expand the sludge 
treatment units 

* Reduce return sludge flow 

* Repair/replace defective excess sludge removal 


pumps 
* Consumption for ammonia oxidation (nitrification) 
Secondary * High influent ammonia load 
cause 
Control 1. Regulate the influent flow 


* Use stormwater storage tanks to reduce peaks (in 
combined sewerage systems) 
e Introduce/use equalisation tanks 


(b) pH concentrations in the reactor lower than 6.5 


Cause 1: Oxidation of the carbonaceous and nitrogenous matter 
Control 1. Temporary change in the pH 
e Add alkaline agents to increase buffer capacity in the 
reactor 
* Produce temporary anoxic zone by the intermittent 
switching off of aerators to encourage denitrification, 
whilst saving alkalinity 
2. Permanent change in the pH 
* Create permanent anoxic zones to encourage 
denitrification, whilst saving alkalinity 


Cause 2: Presence of low-pH industrial wastes 

Control 1. Temporary change in the pH 

e Add alkaline agents to increase buffer capacity in the 
reactor 

* Eliminate problem at the source 
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2. Permanent change in the pH 
e Isolate the source of acidity, demanding some form of 
control of the industrial wastes (either neutralisation 
or separate treatment) 
Cause 3: Return of inadequately digested supernatant from the digesters 
Control 1. Temporary change in the pH 


* Improve the operation of the digesters 

e Prevent the entrance of excessive volumes of highly 
organic sludge in the digester 

e Prevent the entrance of toxic materials in the 
digesters, which can inhibit the methanogenic 
organisms 

* Ensure adequate mixing in the digesters 

* Suspend temporarily the removal of supernatant from 
the digesters 

2. Permanent change in the pH 
* Improve the operation of the digesters (see above) 
e Consider heating the digesters 


* Expand the digesters 


(c) Low floc load in the inlet end of the reactor 


Detection 


< Floc load = [(CODinr — COD.) - Q/X- Q) 
(mgCOD/gMLSS) 


Causes 


* Low load of influent BOD 
* High concentration of MLSS in the inlet end of the 
reactor 


Control 


1. Reduce the return sludge flow 

2. Increase the excess sludge flow 

3. Instep-feedreactors, concentrate the entrance of influent 
on the inlet end of the reactor 


(d) Nutrient deficiency 


Detection 


e Analyse influent and determine the BODs: N:P ratio 

e Conventional activated sludge — approximate ratio: 
100:5:1 

* Extended aeration — approximate ratio: 200:5:1 


Causes 


* Presence of industrial wastes deficient in N and/or P 
e Activated sludge operating to remove N and/or P 


Control 


1. Add nitrogen or phosphorus in immediately available 
forms 
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(e) Septicity 


Detection e Odour 

* Analyse the influent for sulphides or volatile organic 
acids 

* Gas bubbles on the surface of the primary sedimentation 
tank 


Causes * Influent with long detention time in the collection and 
transport system 

* Long periods between each sludge removal in the 
primary sedimentation tank 

* Problems with the sludge scraper of the primary 
sedimentation tank 

e Influent containing wastes with high concentration of 
organic matter 


Control 1. Increase the removal frequency of the sludge from 
primary sedimentation tanks 

2. Reduce the number of primary sedimentation tanks in 
operation 

3. Increase the velocity of the sludge scraper in the 
primary sedimentation tank 

4. Repair defective sludge scrapers in the primary 
sedimentation tank 

5. Reduce the influent flow to the defective primary 
sedimentation tanks 

6. Introduce pre-aeration to the influent 

7. Add oxidising agents to the sewage collection and 
transportation system 


(f) Presence of large amounts of rapidly biodegradable carbohydrates 


Cause e Presence of industrial wastes, such as those from dairies, 
breweries, sugar refineries 


Control 1. Introduce biological pre-treatment upstream the 
activated sludge system, if the problem is permanent 


Control based on the operation of the secondary sedimentation tank: 


Objective * Prevent/reduce the expansion of the sludge blanket 


Control 1. Increase the return sludge flow 
Reduce the MLSS concentration by increasing the 
excess sludge flow 

3. Equalise the influent flow to the secondary treatment 
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4. Direct the influent to the second and/or subsequent en- 
trances in step-feed reactors 

5. Store the return sludge in sludge storage tanks, if there 
are any 


Control based on rearrangement of the reactor (if feasible): 


Objective e Configure the reactor to induce conditions for better 
sludge settleability 


Control 1. Introduce anoxic zones in the initial end of the reactor 
* Turn off the initial aerators intermittently, aiming at 
producing a temporary anoxic zone (for a short time) 
* Create an anoxic zone by introducing a dividing wall 
(without aeration, but with stirrers) 
2. Induce plug-flow characteristics 
e Operate with cells in series 
* Introduce dividing walls in the reactor 


Control based on the addition of chemical products: 


Objective ¢ Temporarily control the filamentous organisms 


Precautions * Chemical products should be added carefully and under 
constant monitoring. Add the product starting with small 
doses, and examine the floc after a reasonable period of 
time. Continue increasing the dosage until the 
filamentous organisms start to decrease 


Control 1. Toxic compounds (selectively eliminates the 
filamentous organisms, due to their larger surface area; 
not effective if bulking is due to nutrient deficiency) 

e Add chlorine or chlorine compounds at the entrance 
to the reactor or in the return sludge if bulking is 
severe, to kill the filamentous organisms 

* Add hydrogen peroxide to the return sludge (decay 
products are not harmful) 

2. Flocculation agents (to increase the strength of the 
flocs) 

* Add metallic salts (aluminium, iron) to the reactor 

* Add polymers to the effluent from the reactor 
(influent to the secondary sedimentation tank) 
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Control based on the rearrangement or expansion of the plant: 


Objective ¢ Undertake permanent physical rearrangement measures in 
the plant, to prevent the growth of filamentous organisms 
Control * Incorporate an anoxic zone upstream the reactor 
e Reduce dispersion in the reactor 
* Incorporate a selector tank 
12.2.1.3 Pin-point floc 
Detection: 
e Small, spherical, discreet flocs 
e The larger flocs settle easily, leaving the small flocs, which generate a turbid 
effluent 
e Low SVI 
e Non-significant presence of filamentous bacteria, under microscopic 
examination 
Causes: 


floc, 


e Insufficient number of filamentous organisms (affecting the structure of the 


which becomes fragile) 


e Excessive aeration 
e Composition of the influent (unbalanced nutrients) 
e Excessive floc load at the entrance to the reactor 


Detailing and correction of the causes: 


Cause 1: Insufficient number of filamentous organisms 


Detection e Microscopic examination 

Secondary * High sludge age (low F/M ratio) 

pause 

Control 1. Increase the removal of excess sludge 
Cause 2: Excessive aeration 

Detection e Determination of DO in the reactor 

Control 1. Reduce the aeration level 


Cause 3: Composition of the influent (unbalanced nutrients) 


Detection 


* Analyse influent and determine the BODs:N:P ratio 
e Conventional activated sludge — approximate ratio: 
100:5:1 


* Extended aeration — approximate ratio: 200:5:1 
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Secondary * Presence of industrial wastes deficient in N and/or P 

causes * Activated sludge operating to remove N and/or P 

Control 1. Add nitrogen or phosphorus in forms immediately 
available 


Cause 4: Excessive floc load at the entrance to the reactor 


Detection * Floc load = [(CODing — CODepr)-Q]/(X;-Q;) 
(mgCOD/gMLSS) 
Secondary * High load of influent BOD 
causes * Low concentration of MLSS at the inlet end of the 
reactor 
Control 1. Increase the return sludge flow, mixing it well with the 
influent 


2. Decrease the excess sludge flow 
3. In step-feed reactors, direct the influent to the points 
after the inlet end of the reactor 


12.2.1.4 Dispersed sludge 


Detection: 


e Turbid effluent 
e Undefined sedimentation zone 
e Variable SVI 


Causes: 


e Excessive shearing caused by hydraulic turbulence 

e Bacteria unable to aggregate themselves into flocs 

e Use of centrifugal pumps to pump the sludge and of centrifuges to dewater 
the sludge 


Detailing and correction of the causes: 


(a) Excessive shearing caused by hydraulic turbulence 


Cause * Excessively vigorous aeration (mechanical aeration) 


Control 1. Reduce the aeration level 
2. Verify the size of the aerator and the rotation speed 
according to the tank dimensions 
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(b) Bacteria unable to aggregate themselves into flocs 


Cause 1: Shock organic loads 


Control 1. Control the influent flow 

* Use stormwater storage tanks to reduce peaks (in com- 
bined sewerage systems) 

* Introduce/use equalisation tanks 


Cause 2: Toxicity 


Detection e Low oxygen utilisation rate (OUR), which suggests that 
toxic products are preventing the growth and respiration 
of the biomass and, consequently, the treatment level 

* Non-typical DO profile in plug-flow reactors 

* Reduction/loss of nitrification 


Cause * Presence of industrial effluents 
Control 1. Increase sludge age (reduce the excess sludge flow) 
2. Increase the MLSS concentration (reduce the excess 
sludge flow) 


3. Increase the DO concentration 

4. Consider the increase in the volume/number of reactors 

5. Control toxicity at the source 

6. Temporarily store toxic discharge, releasing it in small 
amounts, favouring dilution (if the biomass can be ac- 
climatised to small amounts of the toxic agent) 

7. Consider modification of the reactor to increase disper- 
sion, leading to complete mix (if the toxic loads are fre- 
quent) 

8. Divert the influent to other points further downstream in 
the reactor (in step-feed reactors) 

9. Study the effect of toxicity on the biomass, to evaluate 
possible acclimatisation 

10. Import biomass from other plants, for reseeding 

11. Temporarily bypass the biological stage 


Cause 3: Low concentrations of DO in the reactor 


Detection e Measurement of DO in the reactor 
Causes e See Section 12.2.1.2.a 
Control 1. See Section 12.2.1.2.a 


Cause 4: Low pH values in the reactor 


Detection * Measurement of pH in the reactor 


Causes e See Section 12.2.1.2.b 


Control 1. See Section 12.2.1.2.b 
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Cause 4: Low sludge age (high F/M ratio) 

Detection * Measurement of the influent BOD (COD) and MLSS for 
calculation of the F/M ratio 

* Measurement of MLSS and flow and SS concentration in 
the excess sludge 

Causes * High load of influent BOD 

e Low concentration of MLSS 


Control 1. Decrease the excess sludge flow 


(c) Use of centrifugal pumps to pump the sludge and of centrifuges to dewater 
the sludge 


Control 1. Change opening of the centrifugal pumps 
2. Replace the centrifugal pumps with another type of 
pump 


3. Add polymers to improve the solids capture in the 
centrifuge for thickening and/or dewatering (avoiding 
the return of fine solids to the system, which may 
eventually lead to dispersed sludge) 


12.2.1.5 Overload of solids in the secondary sedimentation tanks 
(non-bulking sludge) 


Detection: 


e High sludge blanket level 

e Low SVI 

e Applied solids load higher than the maximum allowable solids load, given by 
the limiting solids flux 


Causes: 


* Insufficient capacity of the secondary sedimentation tanks in terms of surface 
area 

e Low sludge underflow removal from the secondary sedimentation tank 

e High MLSS 

e High influent flow 

e Large variation of the influent flow 

e Insufficient capacity of the secondary sedimentation tanks in terms of sludge 
storage (low sidewater depth) 

e Poor distribution of the influent flow to the secondary sedimentation tanks 
(overload in some units) 

e Low temperature, increasing the viscosity of the liquid and resulting in lower 
settling velocities 
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Control: 


Control 1. Reduce the solids load applied per unit area of the 
sedimentation tanks 

e Reduce the MLSS concentration (increase the excess 
sludge flow) 

e Equalise the variations of the influent flow 

Increase the capacity of the secondary sedimentation 
tanks by building new units 

2. Increase the maximum allowable solids load per unit 
area of the sedimentation tanks 

Increase the underflow removal from the secondary 
sedimentation tanks 

3. Increase the sludge storage capacity 

* Store sludge temporarily in tanks (if available) 

* Store sludge temporarily in the reactor, by directing 
the influent to points further downstream (in 
step-feed reactors) 

* Increase the sludge storage capacity by raising the 
sidewater wall, or by building new sedimentation 
tanks with higher sidewater depths 

4. Improve the flow distribution to the secondary 
sedimentation tanks, avoiding overload to some units 


12.2.1.6 Hydraulic overload of the secondary sedimentation tanks 


Detection: 


e High sludge blanket level 
e Cloudy aspect of the effluent 
e Interface settling velocity lower than the hydraulic loading rate 


Causes: 


e High influent flow 

e Large variation of the influent flow 

e Poor distribution of the influent flow to the secondary sedimentation tanks 
(overload in some units) 

e Poor sludge settleability 

e Low temperature, increasing the viscosity of the liquid and resulting in lower 
settling velocities 
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Control: 
Control Equalise the influent flow 


NR 


Increase the capacity of the secondary sedimentation 
tanks by building new units 

3. Improve the settleability of the sludge (see Sections 
12.2.1.2, 12.2.1.3 and 12.2.1.4) 


12.2.1.7 Foam and scum 


Detection: 


e Visual observation of the reactors and/or secondary sedimentation tanks 


Causes: 


e Intense aeration 
e Filamentous organisms 
e Non-biodegradable detergents 


Detailing and correction of the causes: 


(a) Intense aeration 


Detection 


e The foam disappears when the aerators are turned off 


Control 


1. Adjust the aeration, so that the foam is restricted to the 
reactor 


(b) Filamentous organisms 


Detection * The foam persists after the switching-off of the aerators 
* The foam has a brownish colour 
* The filamentous organisms incorporate air bubbles, 
forming a thick foam, which gets the brown colour due to 
the MLSS that gathers in it 
Control 


1. Remove the microorganisms by increasing the excess 
sludge flow 

2. Allow the foam to go from the reactor to the secondary 
sedimentation tank 

3. Remove the foam from the secondary sedimentation 
tank by scum removal equipment 

4. Break the foam with high-pressure water jets 
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c) Non-biodegradable detergents 


Detection * The foam persists after switching-off of the aerators 
* The foam is white 


Control 1. Control at the source (replace the detergents with 
biodegradable products) 

2. Break the foam with high-pressure water jets 

3. Use products that prevent the formation of foams 


12.2.1.8 Other operational problems of the secondary 
sedimentation tanks 


Cause 1: Non-homogeneous distribution of the influent flow to the 
secondary sedimentation tanks 


Control 1. Adjust the distribution by changing the levels of the weirs 
in the flow split chamber 

2. Improve the flow distribution by changing the hydraulic 
design of the flow division 


Cause 2: Sidewater depth small to absorb variations in the level 
of the sludge blanket in the secondary sedimentation tanks 


Control 1. Store sludge temporarily in tanks (if available) 

2. Store sludge temporarily in the reactor by directing the 
influent to points further downstream (in step-feed reac- 
tors) 

3. Increase the sludge storage capacity by raising the side- 
water depth, or by building new sedimentation tanks with 
higher side walls 


Cause 3: Hydraulic short circuits caused by poor design or 
construction of the inlets and outlets of the sedimentation tanks 


Control 1. Improve the flow distribution and the energy 
dissipation in the entrance to the sedimentation tanks 

2. Improve the levelling of the outlet weir 

3. Introduce V-notch weirs 

4. Reposition the effluent collection launder, if it is very 
close to the inlet 

5. Reanalyse the hydraulic design of the sedimentation 
tanks (stability of the tank in terms of Froude Number) 
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Cause 4: High weir rate, leading to a high approaching velocity, 
which can resuspend the solids 


Control 1. Introduce more weirs and effluent launders in the 
sedimentation tanks 


Cause 5: Resuspended solids on the external face of double-weir launders 


Control 1. Suppress the external weir by raising its level 


Cause 6: Bottom outlet blocked in some sedimentation tanks 


Control 1. Unblock the sludge hoppers and the sludge lines 


Cause 7: Poor operation of the return sludge pumps 


Control 1. Repair the sludge recirculation pumps 

2. Direct the influent to the stormwater tanks (in 
combined sewerage systems) 

3. Temporarily bypass the plant (emergency procedure) 


Cause 8: Poor operation of the sludge removing mechanism 


Control 1. Repair the sludge removing mechanism 


12.3 HIGH BOD CONCENTRATIONS IN THE EFFLUENT 
The effluent BOD is present in two forms: particulate BOD and soluble BOD 


12.3.1 High concentrations of particulate BOD 


Detection: 


e Determination of the SS and particulate BOD (total BOD — soluble BOD) 
concentrations in the final effluent 


Cause: 


e High SS concentrations in the final effluent (see Section 12.2) 


Control: 


e Control the effluent SS concentration (see Section 12.2) 
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12.3.2 High concentrations of soluble BOD 


Detection: 


e Determination of the soluble BOD concentration in the final effluent 


Causes: 


e Low DO concentrations in the reactor 

e Insufficient MLSS concentration 

e High load of influent BOD 

e Large variation of the influent BOD load 
e Inhibition by toxic substances 

e pH outside the range from 6.5 to 8.5 

e Unbalanced nutrients 

e Temperature variations 


Detailing and correction of the causes: 


Cause 1: Low DO concentrations in the reactor 


Detection e See Section 12.2.1.2.a 
Secondary e See Section 12.2.1.2.a 
causes 

Control e See Section 12.2.1.2.a 


Cause 2: Insufficient MLSS concentration 


Detection e Measurement of the MLSS concentration in the reactor 
Secondary * High excess sludge flow 
causes * High influent flow, transferring the biomass to the 


secondary sedimentation tank 

* Loss of solids in the secondary sedimentation tank due to 
sedimentation problems 

Insufficient return sludge flow 

* Problems in the return sludge pumping 


Control 1. Reduce the excess sludge flow 

2. Control the influent flow 
* Use stormwater storage tanks to reduce peaks (in 

combined sewerage systems) 

e Introduce/use equalisation tanks 

3. Control the loss of solids in the secondary 
sedimentation tank (see Section 12.2) 

4. Increase the return sludge flow 

5. Repair the return sludge pumps 
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Cause 3: High load of influent BOD 
Detection e Measurement of the influent flow and BOD 
concentration 
Control 1. Reduce the excess sludge flow to increase the sludge 
age and the biomass 
Cause 4: Large variation of the influent BOD load 
Detection * Measurement of the influent flow and BOD concentration 
Control 1. Reduce the excess sludge flow to increase the sludge 
age and the biomass 
2. Increase the return sludge flow during peak periods to 
increase the MLSS concentration (limited to an 
instantaneous control) 
3. Introduce/use equalisation tanks 
4. Release sludge from the sludge tanks (if available) 
during peak loads 
Cause 5: Inhibition by toxic products 
Detection e See Section 12.2.1.4.b, Cause 2 
Control e See Section 12.2.1.4.b, Cause 2 
Cause 6: pH outside the range from 6.5 to 8.5 
Detection e See Section 12.2.1.2.b 
Secondary * See Section 12.2.1.2.b 
pauses 
(Control 1. See Section 12.2.1.2.b 
Cause 7: Unbalanced nutrients 
Detection e See Section 12.2.1.3, Cause 3 
Secondary e See Section 12.2.1.3, Cause 3 
pauses 
Control 1. See Section 12.2.1.3 — Cause 3 
Cause 8: Temperature variations 
Detection e Measurement of temperature in the influent and/or 
reactor 
Secondary * Reduction in temperature 
causes Increase in temperature 
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Control 1. Reduction in temperature 
* Reduce the excess sludge flow, to increase MLSS and 
the sludge age 
e Reduce heat losses 
2. Increase in temperature (if it is causing problems) 
* Increase the excess sludge flow, to reduce MLSS 
e Supplement aeration 


12.4 HIGH AMMONIA CONCENTRATIONS 
IN THE EFFLUENT 


12.4.1 Causes 


e Inhibition of the growth of the nitrifying bacteria 
e Insufficient MLSS concentration 
e High loads of influent ammonia 


12.4.1.1 Inhibition of the growth of the nitrifying bacteria 


Causes: 


e Low DO concentrations in the reactor 
e Low temperatures in the reactor 

e Low pH values in the reactor 

e Presence of inhibiting toxic substances 


Detailing and correction of the causes: 


Cause 1: Low DO concentrations in the reactor 


Detection e See Section 12.2.1.2.a 
Secondary * See Section 12.2.1.2.a 
pauses 

Control 1. See Section 12.2.1.2.a 


Cause 2: Low temperatures in the reactor 


Detection e Measurement of the temperature in the influent and/or 
reactor 
Control 1. Reduce the excess sludge flow, to increase MLSS and 


the sludge age 

2. Increase the DO concentration 

3. Reduce heat losses 

4. Consider the increase in the volume/number of 
reactors 
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Cause 3: Low pH values in the reactor 


Detection e See Section 12.2.1.2.b 
Secondary * See Section 12.2.1.2.b 
pauses 

Control 1. See Section 12.2.1.2.b 


Cause 4: Presence of inhibiting toxic substances 


Detection e See Section 12.2.1.4.b, Cause 2 


Control 1. See Section 12.2.1.4.b, Cause 2 


12.4.1.2 Insufficient MLSS concentration 


Detection: 


e See Section 12.3.2, Cause 2 


Causes: 


e See Section 12.3.2, Cause 2 


Control: 


e See Section 12.3.2, Cause 2 


12.4.1.3 High loads of influent ammonia 


Detection: 


e Measurement of the influent flow and TKN concentration 


Control: 


a 


. Reduce the excess sludge flow to increase the sludge age and the biomass 

2. Increase the return sludge flow during peak periods to increase the MLSS 
concentration (limited to an instantaneous control) 

. Introduce/use equalisation tanks 

4. Release sludge from the sludge tanks (if available) during peak loads 


w 
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Basic principles of aerobic 
biofilm reactors 


R.E Gonçalves 


13.1 INTRODUCTION 


New versions of wastewater treatment plants using biofilm reactors are compact, 
capable of being installed in urban areas with relatively low impacts (Rogalla 
et al., 1992) and, above all, highly resistant to variations in temperature and to 
toxicity shock loads (Arvin and Harremées, 1991). Operational stability is impor- 
tant in the case of small treatment plants, this being one of the reasons for the 
renewed interest in several locations for the “old” trickling filters and biodiscs 
(rotating biological contactors) for small-sized communities (Upton and Green, 
1995). A similar interest to biofilm reactors applied to medium and large com- 
munities occurred in developed regions (e.g., USA), after the development of 
processes combining biomass in suspension with biomass attached to a support 
medium (Parker et al., 1990). The process advantages renewed the interest for 
systems with attached biomass, stimulating the development of a great variety of 
processes. 

The main concepts and technical aspects relative to biofilm reactors applied 
to wastewater treatment and the post-treatment of effluents from anaerobic re- 
actors are presented in this chapter. The classification of the main types of 
biofilm reactors with relation to suspended-biomass reactors, as well as the be- 
haviour of the biofilm and the influence of the transport phenomenon during 
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reactions, is discussed. Usual configurations, as well as new configurations for 
the post-treatment of effluents from anaerobic reactors, including some design 
examples, main construction aspects and more common operational problems, 
mainly with the following processes: 


e trickling filters 
e rotating biological contactors (biodiscs) 
e submerged aerated biofilters 


Due to the great importance of UASB reactors in warm-climate regions, em- 
phasis is given to aerobic biofilm reactors acting as post-treatment for anaerobic 
effluents. 


13.2 CLASSIFICATION OF AEROBIC 
BIOFILM REACTORS 


A better understanding of the mechanisms involved in the conversion processes 
taking place in biofilm reactors led to the development of new reactors from 1970 
(Atkinson, 1981). Improvements concerning mixing of phases, oxygen transfer 
and separation of phases were incorporated, improving performance through an 
effective control of the biofilm thickness and an increment of the mass transfer. 
Figure 13.1 (Lazarova and Manen, 1994) presents an alternative classification 
of aerobic reactors, based on the state of biomass fixation. The major difference 
with relation to old similar classifications is the group of hybrid reactors, which 
incorporate suspended biomass and fixed biomass in the same reaction volume. 
The processes with suspended biomass involve several variants of activated sludge. 
Among the hybrid processes, there are those with the support medium mechanically 
mixed (Oodegard et al., 1993) and with structured supports inserted in the aeration 
tank (Bonhomme et al., 1990). Both are variants of the activated sludge systems, 


Reactors with 


Reactors with Hybrid attached biomass 
suspended biomass reactors - trickling filter 
- activated sludge - mechanically - rotating biological contactor 
(several variants) mixed beds - submerged aerated biofilter 
- sequencing batch reactor - structured - moving beds: two- and 


deep shaft 
- membrane bioreactors 


tri-phase fluidised bed, air- 
lifts, turbulent beds and 
mixed beds 


support medium 


Figure 13.1. Modern classification of mechanised aerobic treatment processes, with 
respect to the state of the biomass (adapted from Lazarova and Manen, 1994) 
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since they result from the incorporation of the support medium in the aeration tank. 
This technique has been used to upgrade overloaded treatment plants, because 
the applied organic load can even be three times higher compared to that in the 
conventional process (Lessel, 1993). 

Reactors with attached biomass, or simply biofilm reactors, now include, besides 
trickling filters and rotating biological contactors, several other types of reactors 
with fixed or moving beds. Processes with moving beds have the support medium 
in permanent movement, hydraulically or mechanically driven. They generally use 
a material with large specific surface area for the attachment of the biomass, that 
can be grains of small diameter (0.2 to 2 mm) or a material with high poros- 
ity (e.g., sponges). High biomass concentrations are reached in these processes 
(>20 kgTSS/mº), resulting in a high treatment capacity. Their main advantage with 
relation to fixed bed processes is the absence of clogging of the filter medium, and 
their main disadvantages are the high operational costs (especially energy) and 
the sophisticated devices necessary for appropriate flow distribution and aeration. 
Among the main processes, the two-phase fluidised bed reactors stand out, count- 
ing with many full-scale treatment plants operating in the USA and in Europe 
(Lazarova and Manen, 1994). Indicated for the treatment of diluted effluents, their 
construction costs are reported to be lower than that of activated sludge systems, 
although the operation and maintenance costs may be higher (due to the saturation 
in oxygen and pumping). 


13.3 FORMATION, STRUCTURE AND 
BEHAVIOUR OF BIOFILMS 


The present item includes additional details. 

In all reactors with attached biomass, the metabolic conversion processes take 
place inside the biofilm. Substrate transport occurs by diffusion processes, initially 
through the liquid film in the liquid/biofilm interface and later through the biofilm 
(Figures 13.2 and 13.3). The products of the oxidation and reduction reactions are 
transported in the opposite direction, to the exterior of the biofilm. The substrate 
donor as well as the electron acceptor must penetrate the biofilm for the biochemical 
reaction to take place. 

The quantification of the limitations to the mass transfer is very important, so 
that better performance reactors can be designed. Improvement of performance is 
directly related with the reduction of these limitations, because the global reaction 
velocity in these heterogeneous systems may be lowered due to the mass transfer 
among the phases (Zaiat, 1996). 

In many aerobic systems, the rate of oxygen transfer to the cells is the limiting 
factor that determines the biological conversion rate. Oxygen availability for mi- 
croorganisms depends on the solubility and mass transfer, as well as on the rate 
at which dissolved oxygen is utilised. In biofilm reactors used for post-treatment 
of anaerobic effluents, the transport mechanisms involve oxygen and ammonia 
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Figure 13.2. Mechanisms and processes involved with the transport and substrate 
conversion in biofilms 
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Figure 13.3. Distribution of the concentration of two compounds involved in 
oxidation—reduction reaction in the biofilm (O, and COD) 


nitrogen (O, and N-NH,,'), besides the intermediate (N-NO,, ) and final nitrogen 


product (N-NO; ). The main stages involved are: 


e transfer of oxygen from the gaseous phase to the liquid medium 


e transfer of oxygen, ammonia and nitrate from the liquid phase to the biofilm 


e transfer of oxygen, ammonia and nitrite inside the biofilm 


e transfer of the intermediary product (N-NO, ) and of the final product 


(N-NO; ) to the liquid medium 


According to Chisti et al. (1989), oxygen, being poorly soluble in water, fre- 
quently becomes the limiting factor in aerobic biofilm processes. The main oxygen 
transport steps are illustrated in Figure 13.4, in which eight possible resistant struc- 


tures to mass transfer are identified. 
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Figure 13.4. Schematic diagram of the stages involved in the transport of oxygen 
(adapted from Bailey and Ollis, 1986, cited by Fazolo, 2000) 


The resistances considered in the tri-phase systems are: 


1. in the gaseous film inside the bubble, between the core of the gas in the 
bubble and the gas—liquid interface 

2. inthe gas-liquid interface 

3. inthe liquid film, close to the gas—liquid interface, between this interface 
and the liquid medium 

4. inthe liquid medium 

5. inthe liquid film, between the liquid medium and the liquid-solid interface 
(external resistance) 

6. in the liquid-solid interface 

7. inthe solid phase (internal resistance) 

8. in the sites of biochemical reaction (inside the microorganisms) 


The relative magnitude of these resistances depends on the hydrodynamics of 
the bubble, solubility of oxygen, temperature, cellular activity, composition of 
the solution and interface phenomena (Bailey and Ollis, 1986). Therefore, the 
penetration depth of the substrates in the biofilm is of fundamental importance in 
the determination of the global conversion rate in the reactor. The ideal situation 
corresponds to a biofilm completely penetrated by the two substrates, resulting in 
a reaction limited only by the maximum rate of biochemical reaction. 

However, the most common situation in the treatment of domestic sewage is 
the partial penetration of at least one of the two substrates in a thick biofilm 
layer, caused by an intrinsic volumetric high conversion rate and a great resis- 
tance to the diffusion in the biofilm (Figure 13.3). In this case, only the fine outer 
biofilm layer will be active with respect to the reaction in question, with the re- 
maining biomass being inactive in the deepest layers. An intrinsically zero-order 
biochemical reaction may become half order, decreasing the overall surface con- 
version rate (Harremões, 1982). 
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In the case of systems with nitrification, the critical ratio between the O, and 
NH," concentrations, that determines the limiting substrate, is between 0.3 and 0.4 
(Gônenc and Harremées, 1985). This makes oxygen the limiting substrate in most 
cases. Assuming, for example, a concentration of 2 mg/L of O in the liquid phase 
of the reactor, the limiting ammonia concentration will be 0.6 mg/L. In the case of 
simultaneous oxidation of organic matter and nitrification, the competition between 
the heterotrophic and autotrophic (nitrifying) bacteria for oxygen determines the 
structure of the aerobic biofilm compartment. When the O2/COD ratio is very 
small, the aerobic compartment is entirely dominated by the heterotrophic bacteria, 
and nitrification does not take place in the biofilm (Gônenc and Harremões, 1990). 

The understanding of these mass-transfer mechanisms is reflected in the con- 
figuration of the various new-generation biofilm reactors. In the case of submerged 
aerated biofilters, there prevail granular mediums with high specific surface that 
maximise the area for mass transfer and the amount of biomass in the reactor. With 
the use of granular mediums, high sludge ages are obtained without the need for 
clarification and biomass recirculation. 

On the other hand, the severe hydrodynamic conditions in the biofilters pro- 
pitiate the development of a fine and very active biofilm, especially in the bed 
layers that do not have contact with the settled wastewater. Hydraulic loads of 
2 m?/m?-hour (wastewater) and 15 m?/m?.hour (air) are commonly practised in 
secondary treatment, resulting in a granular tri-phase medium submitted to a high 
turbulence. The association of the turbulence and the high velocity of the liquid 
controls the biofilm thickness and decreases the resistance to diffusion in the liquid 
film. Besides, high air flows increase the oxygen concentration in the liquid phase, 
facilitating its diffusion in the biofilm. 

The stability of the process to temperature variations and toxic shock loads is 
also a consequence of the resistance to the diffusion in the biofilm (Arvin and 
Harremées, 1991). The thickness of the active biofilm layer increases when the 
liquid temperature decreases, significantly reducing the sensitivity of the process 
to temperature variations (Okey and Albertson, 1987). Regarding nitrification, two 
factors resulting from the temperature drop contribute to alleviate the reduction 
in efficiency: increase in the DO concentration in the liquid (increasing diffusion) 
and decrease in biological activity (reducing conversion rates). 

With respect to the resistance to toxicity shocks, the process behaves in a similar 
way to temperature drop. If the concentration ofa certain toxic compound suddenly 
exceeds the inhibition threshold, the gradient of concentrations through the biofilm 
attenuates its impact on the treatment. Even if the outer biofilm layers are affected, 
the inner layers continue to degrade the concentrations reduced by the resistance 
to diffusion (Saez et al., 1988). 

The great capacity to tolerate shock loads, in spite of the low real hydraulic 
detention times in the granular medium of biofilters (=20 minutes), is due to 
the high biomass concentration in the reactors. Biomass concentrations higher 
than 20 gTSS/L are found in biofilters with granular mediums (specific surface > 
600 m?/m?) applied to secondary treatment of domestic sewage (Gonçalves, 1993). 


14 
Trickling filters 


C.A.L. Chernicharo, R.E Goncalves 


14.1 DESCRIPTION OF THE TECHNOLOGY 
14.1.1 Preliminary considerations 


Trickling filters (TF) are wastewater treatment systems that can be widely used in 
developing countries, principally in view of their simplicity and low operational 
costs. 

A trickling filter consists of a tank filled with a packing medium made of a 
material of high permeability, such as stones, wooden chips, plastic material or 
others, on top of which wastewater is applied in the form of drops or jets. After the 
application, the wastewater percolates in the direction of the drainage system lo- 
cated at the bottom of the tank. This downward percolation allows bacterial growth 
on the surface of the packing medium, in the form of a fixed film denominated 
biofilm. The wastewater passes over the biofilm, promoting contact between the 
microorganisms and the organic matter. 

Trickling filters are aerobic systems, because air circulates in the empty spaces 
of the packing medium, supplying oxygen for the respiration of the microorgan- 
isms. Ventilation is usually natural. The application of wastewater on the medium 
is done frequently through rotating distributors, moved by the hydraulic head of 
the liquid. The wastewater quickly drains through the support medium. However, 
the organic matter is absorbed by the biofilm and is retained for a time sufficient 
for its stabilisation (see Figure 14.1). 
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Attached biofilm 


Packing medium 
(ex.: stones) 


Sewage flow 


Figure 14.1. Schematic representation of a trickling filter 


The filters are usually circular, and can be several metres in diameter. Contrary 
to what the name indicates, the primary function is not filtering. The diameter of 
the stones (or other medium) used is in the order of centimetres, leaving a large 
space between them, which is inefficient for the act of filtering (sieving action). 
The function of the medium is only to supply a support for the formation of the 
microbial film. Synthetic mediums of several materials and forms also exist, having 
the advantage of being lighter than stones, besides presenting a greater surface area. 
However, the synthetic mediums are more expensive. 

With the continued biomass growth on the surface of the stones, the empty 
spaces tend to decrease, thus increasing the downward velocity through the pores. 
When the velocity reaches a certain value, it causes a shearing stress that dislodges 
part of the attached material. This is a natural form of controlling the microbial 
population on the support medium. The dislodged sludge should be removed in the 
secondary settling tank to decrease the level of suspended solids in the final effluent. 


14.1.2 Types of trickling filters 


The trickling filters are generally classified according to the surface or the organic 
loading rate to which they are submitted, as described below. The main design 
criteria are presented in Table 14.1. 


Low rate trickling filter 


The low rate trickling filter is conceptually simple. Although its efficiency in the 
removal of BOD is comparable to that of the conventional activated sludge system, 
its operation is simpler, although less flexible. Trickling filters have lesser capacity 
in adjusting to influent flow variations, besides requiring a slightly higher total 
area. In terms of energy consumption, they have much lower consumption than 
activated sludge systems. Figure 14.2 presents the typical flowsheet of a low rate 
trickling filter. 
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Table 14.1. Typical characteristics of the different types of trickling filters 


Operational Intermediate Super high 

conditions Low rate rate High rate rate Roughing 
Packing medium Stone Stone Stone Plastic Stone/plastic 
Hydraulic loading 


rate (m?/m?-d) 1.0to4.0 3.5to 10.0 10.0 to 40.0 12.0 to 70.0 45.0 to 185.0 
Organic loading 
rate (kgBOD/m?-d) 0.1 to 0.4 0.2 to 0.5 0.5to1.0 O0.5tol6  Upto8 


Effluent recycle Minimum Occasional Always* Always Always 
Flies Many Variable Variable Few Few 
Biofilm loss Intermitt. Variable Continuous Continuous Continuous 
Depth (m) 1.8 to 2.5 1.8 to 2.5 0.9t03.0 3.0t012.0 0.9 to 6.0 
BOD removal (%)** 80 to 85 50 to 70 65 to 80 65 to 85 40 to 65 
Nitrification Intense Partial Partial Limited Absent 


* Effluent recycle is usually unnecessary when treating effluents from anaerobic reactors 

** Typical BOD removal ranges for TF fed with effluents from primary settling tanks. Lower 
efficiencies are expected for TF fed with effluents from anaerobic reactors, although overall efficiency 
is likely to remain similar 

Source: Adapted from Metcalf and Eddy (1991) and WEF (1996) 


Trickling filters can have circular or rectangular shape, the most commonly used 
packing material is stone, and feeding can be continuous or intermittent. Dosing 
siphons are usually used in the case of intermittent feeding, which is common in 
low rate trickling filters. The interval between loads can vary as a function of the 
wastewater flow, but should be short enough to avoid drying of the biofilm. Effluent 
recirculation may be necessary to assure humidity of the medium, especially in the 
hours of low influent flow, although a low rate filter does not require this practice 
in other hours of the day. 

As a result of the small load of BOD applied to the trickling filter, per unit 
volume, food availability is low. This leads to a partial stabilisation of the sludge 
(self-consumption of the cellular organic matter) and to a larger efficiency in the 
removal of BOD and in nitrification. This smaller BOD load per unit volume of the 
tank is associated with the larger area requirements, when compared to the high 
rate trickling filter system. One of the main problems of low rate trickling filters 
is the development of flies. 


Primary Settler Trickling Filter Secondary Receiving 
Preliminary Treatment or Septic Tank wet Settler Body 
| 
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Sludge 4 Digested Sludge | 


Figure 14.2. Typical flowsheet of a low rate trickling fillter 
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Intermediate rate trickling filter 


These filters are designed with higher loading rates than those of the low rate 
filters. The most common type is the continuous feeding flow, although intermittent 
feeding can also be practised. Recirculation of the treated effluent is usually carried 
out, aiming at the control of the thickness of the biofilm and improvement of 
the efficiency of the system. The effluent produced is partially nitrified, and a 
reasonable development of flies is still observed. 


High rate trickling filter 


These filters are submitted to loading rates much higher than those applied to low 
rate and intermediary rate filters. As a consequence of the higher organic loading 
rates, high rate TFs have smaller area requirements. In parallel, there is also a 
slight reduction in the removal efficiency of organic matter, and the non- 
stabilisation of the sludge in the filter. Hydraulic loading rates can reach 
60 m?/m?-d in the peak hours, while the organic loading rates can be as high 
as 1.80 kgBOD/m?-d, for filters with plastic medium. In filters filled with synthetic 
material, the depth can exceed 6.0 m. 

Feeding of high rate TF is continuous and effluent recycle is regularly practised, 
but only when settled wastewater is applied, to have an influent BOD concentration 
to the filter around 100 mg/L. Effluent recycle is usually unnecessary when TFs 
are used for the post-treatment of effluents from UASB reactors, since the influent 
BOD is typically close to 100 mg/L. The high hydraulic loading rate constantly 
limits the thickness of the biofilm. Due to the high application rates, BOD removal 
in this process is lower, in the range from 70% to 80%, and the solids produced 
have more difficulty in settling in the clarifier. Flies do not develop and nitrification 
is partial with lower loading rates. Figure 14.3 presents a typical flowsheet of a 
high rate trickling filter system. 


Super high rate trickling filter 


Filters with super high rates are generally packed with synthetic granular mediums, 
with depths varying between 3.0 and 12.0 m. These large depths are possible due 
to the low density of the packing material, which results in a lower weight on the 
bottom slab of the filter. Flies do not develop in the filter and nitrification does not 
occur. 
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Figure 14.3. Typical flowsheet of a high rate trickling filter 


Trickling filters 275 


Effluent Recycle 


Secondary 
Settler 


Receiving 


Preliminary Treatment Primary Settler Body 


Trickling Filter 


Y 
Sludge 


Figure 14.4. Typical flowsheet of a super high rate trickling filter 


Roughing trickling filter 


Roughing trickling filters are used in the pre-treatment of wastewater, up- 
stream of secondary treatment. The packing material is synthetic and feeding is 
continuous. They are more commonly used for the treatment ofhighly concentrated 
wastewaters. Their use has been greatly reduced after the development of UASB 
reactors that are used in the place of the roughing filters. 

A summary of the main characteristics of the different types of trickling filters 
is presented in Table 14.1. 


14.2 DESIGN CRITERIA 


The design criteria presented in this item mainly originated from the experience 
in the application of trickling filters for the treatment of primary effluents, that 
is, after the passage of the wastewater to a primary, or equivalent, settling tank 
(Metcalf and Eddy, 1991; WEF, 1996). The design criteria are also adapted to the 
application of TFs as post-treatment of effluents from UASB reactors. 


(a) Hydraulic loading rate 


The hydraulic loading rate (HLR or Lp) refers to the volume of wastewater applied 
daily to the TF per unit surface area of the packing medium 


La = Ž (14.1) 


where: 
Ly: hydraulic loading rate (m? /m?-d) 
Q: average influent flowrate (m? /d) 
A: surface area of the packing medium (m?) 


Typical values ofhydraulic loading rates are presented in Table 14.1. In the case 
of high rate trickling filters used for the post-treatment of effluents from UASB 
reactors, it has been observed that TFs are capable of producing effluents with 
BOD and SS lower than 60 mg/L when operated with maximum hydraulic loading 
rates in the order of 20 to 30 m? /m?-d. 
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(b) Organic loading rate 


The volumetric organic load refers to the amount of organic matter applied daily 
to the trickling filter, per unit volume of the packing medium. 


_ Q*x So 


Ly 
V 


(14.2) 


where: 
Ly: volumetric organic loading rate (kgBOD/m?-d) 
Q: average influent flowrate (m?/d) 
So: influent BOD concentration (kgBOD/mº) 
V: volume occupied by the packing medium (m°) 


Typical organic loading rates are presented in Table 14.1. In the case of 
post-treatment of anaerobic effluents, satisfactory BOD concentrations have been 
achieved in the effluent from TFs operating with maximum organic loading rates 
in the range from 0.5 to 1.0 kgBOD/m?-d. 


(c) Influent distribution system 


To optimise the treatment efficiency of the trickling filters, the growth as well as 
the elimination of the biofilm that grows in excess should happen in a continuous 
and uniform way. To achieve this, the distribution system should be designed in a 
way to facilitate the appropriate application of wastewater on the packing medium. 

The feeding of TF with wastewater can be accomplished through fixed or mobile 
(rotating) distributors. The first TFs were fitted with fixed distribution systems, 
composed of pipes with nozzles. This type of system is still used today, mainly 
in small-scale plants. However, most of the TFs have a circular shape and are 
equipped with a rotating distribution system. 


Fixed distribution systems 


Fixed distribution systems are composed of main distribution pipes and lateral 
pipes, both placed just above the surface of the granular medium. The nozzles are 
installed in the laterals, and are designed and spaced to obtain uniform feeding 
distribution. In general, the nozzles are made of a circular hole and a deflector. 

Most of the older fixed systems were planned considering intermittent feeding 
of the wastewater through a dosing tank. The flow from this device is variable, 
due to the variation of the water level in the dosing tank. In the beginning of 
the discharge period, the wastewater is discharged at a maximum distance of each 
nozzle, decreasing as the tank empties. The period between wastewater loads varies 
from 0.5 to 5 minutes. 

With the appearance of the synthetic packing mediums, the fixed distribution 
systems returned to be used in the deep filters and in the biotowers. In these pro- 
cesses, the distribution system is also equipped with mains and lateral distributors, 
placed immediately above the support medium, and the feeding is continually 
accomplished through pumping. 
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Figure 14.5. Schematics of a trickling filter with a roating distribution system. 
Source: Adapted from Metcalf and Eddy (1991) 


The main disadvantages of this type of distribution system are the non- 
uniformity of the hydraulic load on the surface of the TF, the great lengths of 
distribution pipes the frequent blockage of the nozzles and the difficulty of main- 
tenance of the nozzles in large TFs. 


Rotating distribution systems 


The rotating distribution system is composed of one or more horizontal pipes 
(arms), supported by a rotating central column (see Figure 14.5). 

Wastewater is evenly distributed onto the packing medium by means of holes 
placed in one of the sides of each horizontal arm. The rotational movement of the 
distributor is generally assured by the energy from the jet of wastewater discharged 
through the group of holes. In exceptional cases, especially for control of flies and 
to avoid stops of the distributor arms in hours of very low influent flow rate, 
electric motors are also used to move the distribution system. The distributor arms 
usually have a circular section but can also be built with rectangular section or 
other quadrilateral type. A fast-opening device installed in the extremity allows 
the removal of coarse solids accumulated inside each arm. The area of the cross 
section of the arms generally decreases with the distance from the central column. 
The spacing among the holes is designed to guarantee a uniform distribution of 
the wastewater over the entire surface of the packing medium. Deflectors made of 
plastic or other types of non-corrosive materials are installed in front of the holes 
to ensure better distribution. 

The arms should be designed so that the rotational velocity is between 0.1 and 
2 rpm and the velocity does not exceed 1.2 m/s at the maximum flow. Filters with 
four-arm distributors are equipped with an overflow device in the central column, 
which concentrates the feeding in only two arms in periods of low flows. In periods 
of maximum flows, all the four arms are fed with wastewater. This procedure as- 
sures adequate discharge velocities and reaction forces for the distributor’s rotation, 
under various flow conditions. Holes on the opposite side of the arms are also used 
to reduce the rotational velocity in moments of peak flow. The distributor arms 
also have ventilation tubes, to avoid the accumulation of air inside them. The 
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support structure of the arms is composed of cables, which assure the stability of 
the support in the central column. 


(d) Packing medium 


The packing medium of the trickling filter is of fundamental importance in the 
performance of the process. The packing material serves as support for the growth 
of the biomass, through which the pre-treated wastewater percolates. The air 
passes through the empty spaces of the medium, supplying oxygen for the 
aerobic reactions. The ideal packing material should have the following main 
characteristics: 


e have the capacity to remove high BOD loads per unit volume 

e have the capacity to operate at high hydraulic loading rates 

e have an appropriately open structure, to avoid obstructions due to biomass 
growth and to guarantee an appropriate supply of oxygen, without the need 
for forced aeration 

e have structural resistance to support its own weight and the weight of the 
biomass that grows attached onto its surface 

e be sufficiently light, to allow significant reductions in the cost of the con- 
struction works 

e be biologically inert, not being attacked by nor being toxic to the process 
microorganisms 

e be chemically stable 

e have the smallest possible cost per unit of organic matter removed 


In practice, the TF is usually packed with different types of stones, such as gravel 
with a diameter between 5 and 8 cm, without flat and elongated stones, or blast 
furnace slag. These materials have a low specific surface area (55 to 80 m*/m*) and 
porosity from 55 to 60%, limiting the area for biomass growth and the circulation 
of air. TF with a stone bed can also present problems of blockage of the void spaces, 
due to the excessive growth of the biological film, especially when the filters are 
operated with high organic loads. In these conditions, floods and failures of the 
system can occur. 

Sometimes, due to the need for reduction of the area required for the system 
and to overcome the limitations of the stone packing medium, other types of mate- 
rials can be used (Figure 14.6) These materials include corrugated plastic modules 
and plastic rings, with very large specific surface areas (100 to 250 m? /m?) and 
with porosities from 90 to 97%, that allow a larger amount of attached biomass 
per unit volume of the packing material. These materials are also much lighter 
than stones (about 30 times), allowing the filters to be much higher, without caus- 
ing structural problems. While in stone filters the heights are usually lower than 
3 m, the filters packed with synthetic material can be much higher (6 m or more), 
decreasing, as a consequence, the area required for their installation. The use 
of these packing materials allows the application of much higher organic load- 
ing rates than those used for filters packed with stones, for the same treatment 
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(b) 50° cross-flow block 
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Figure 14.6. Some types of packing mediums used in trickling filters 


performance. However, the high costs of these materials are usually the limiting 
factor. 

In the case of the use of TF for the post-treatment of effluents from UASB 
reactors, the Brazilian experience shows that high rate TFs are capable of producing 
effluents with satisfactory BOD concentrations when they are built with packing 
medium with heights between 2.0 and 3.0 m. 


(e) Underflow collection system 


The underflow system of a trickling filter consists of a perforated slab, or of grids 
made of resistant materials, and gutters located in the lower part of the filter. 
The drainage system has the function of collecting the wastewater that percolates 
through the filter as well as the solids that are released from the packing medium, 
directing them to the secondary settling tank. The drainage system must be resistant 
enough to support the weight of the packing medium, of the attached biomass and 
of the wastewater that percolates through the filter. (Metcalf and Eddy, 1991). 

The bottom structure should have a slope between | and 5%, sufficient to allow 
the drainage of the effluent to the centre or the periphery of the filter. The effluent 
collection gutters should be designed to guarantee a minimum velocity of 0.6 m/s 
(average feeding flow). (Metcalf and Eddy, 1991). 

The bottom drainage system should be opened at both ends to facilitate inspec- 
tion and occasional cleaning with water jets, should the need arise. The bottom 
drainage system is also responsible for the ventilation of the filter, as discussed in 
the following item. 


(f) Ventilation 


Ventilation is important to maintain aerobic conditions, necessary for the effective 
treatment of the wastewater. If there are adequate openings, the difference between 
the air and the liquid temperatures is enough to produce the necessary aeration. A 
good ventilation through the filter bottom is desirable. In practice, the following 
measures are adopted to have adequate natural ventilation (Metcalf and Eddy, 
1991): 


e the drainage system and the effluent collection channels close to the bottom 
of the TF structure should allow free flow of air. These effluent collection 
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Table 14.2. Surface hydraulic loading rates for the design of secondary settling 


tanks after TF 
Surface hydraulic loading 
rate (m? /m?-d) 
Treatment level For Qaverage For Qmaximum 
BOD = 20 to 30 mg/L without nitrification 16 to 32 40 to 48 
BOD < 20 mg/L with nitrification 16 to 24 32 to 40 


channels should not have more than 50% of their height occupied by the 
effluent 

e ventilating access ports with open grating types of covers should be in- 
stalled at both ends of the central effluent collection channel 

e large-diameter filters should be equipped with collection channels in 
branches, with ventilating manholes or vent stacks along the perimeter 
of the filter 

e the open area of the slots at the top of the underdrain blocks should not be 
less than 15% of the surface area of the filter 

e one square metre gross area of open grating in ventilating manholes and 
vent stacks should be provided for each 23 m? of surface area of the filter 


(g) Secondary sedimentation tanks 


The secondary settling tanks used downstream of the trickling filters are usually of 
the conventional type (Fig. 14.7), and are designed according to surface hydraulic 
loading rate, since the concentration of suspended solids in the effluent from the 
TF is relatively low. Table 14.2 lists the surface loading rates recommended for the 
design of secondary settling tanks after TF. 

Depending on the size of the wastewater treatment plant, the secondary settling 
tanks can have automated or hydraulic pressure sludge removal systems. 


(h) BOD removal efficiency in TF 


Several theoretical or empirical models are available for the design of trickling 
filters applied for the treatment of settled wastewater, and these can be found in 
classical wastewater treatment books. The present chapter includes one of the 


Effluent 


H= —__» 
Sludge 
withdrawal 


Influent 


Figure 14.7. Schematics of a secondary settling tank 
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traditional models, developed by the National Research Council — NRC (USA). 
The NRC empirical model was developed for filters with stone beds, taking into 
account operational data obtained in several plants operating in military facilities. 
The estimation of the BOD removal efficiency from a single filter or the first filter 
of a double-stage system fed with settled wastewater can be accomplished through 
Equation 14.3. 


1 
E= (14.3) 
1+0.443,//& 
where: 


E: BODs removal efficiency (%) 
Ly: volumetric organic loading rate (kgBOD/m?-d) 
F: recirculation factor 


The recirculation factor F represents the average number of passes of the influent 
organic matter through the filter, given by Equation 14.4 (Metcalf and Eddy, 1991). 
Recycle ratios (R) used vary from 0 to 2.0. When R is equal to zero (which is 
frequently the case for TFs following UASB reactors), F is equal to 1.0. 


1+R 


~ Gd +R/10) ia 


where: 
R: recycle ratio 


In the case of the estimation of the efficiency of trickling filters applied to the 
post-treatment of effluents from anaerobic reactors, Equation 14.3 should be used 
with caution, as the information for these applications is still very limited. 


(i) Sludge production 


The estimation of the sludge production in trickling filters can be made by means 
of the following equation 


Psludge =Yx BODrem (14.5) 


where: 
Psiuage: sludge production, on a dry-solids base (kgTSS/d) 
Y: yield coefficient (kgTSS/kgBOD,emoved) 
BOD,em: BOD load removed (kgBOD/d) 


Values of Y observed in biofilm reactors, operating with high rates and without 
nitrification, are usually in the range from 0.8 to 1.0 kgTSS/kgBOD emoved. The 
VSS/TSS ratio is in the range from 0.75 to 0.85. This estimate of sludge production 
has been shown to be adequate for trickling filters applied for the treatment of 
effluents from UASB reactors. The suspended solids present in the effluent from 
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Table 14.3. Main design criteria for high rate trickling filters applied to the post-treatment 
of effluents from anaerobic reactors 


Range of values, as a function of the flow 


Design criterion for Qaverage for Quaily-maximum for Qhourly-maximum 
Packing medium Stone Stone Stone 

Depth of the packing bed (m) 2.0 to 3.0 2.0 to 3.0 2.0 to 3.0 
Hydraulic loading rate (m° /m?2.d) 15 to 18 18 to 22 25 to 30 
Organic loading rate (kgBOD/m?-d) 0.5 to 1.0 0.5 to 1.0 0.5 to 1.0 


TF are usually removed in conventional secondary settling tanks, as previously 
mentioned. 
Evaluation of the volumetric sludge production is made according to 


Pojudge 


—— ~ 14.6 
Yx Cotudge ( ) 


V sludge = 


where: 
Vsiudge: Volumetric sludge production (m?/d) 
Pstudge: Sludge production in TF (kgTSS/d) 
y : density of the sludge (usually in the order of 1,000 to 1,040 kg/m?) 
Cojudge: concentration of the sludge removed from the secondary settling tank 
(usually in the range from 1 to 2%) 


(j) Summary of the design criteria for trickling filters used as post-treatment 
of effluents from UASB reactors 


A summary of the main criteria for the design of trickling filters applied to the 
post-treatment of effluents from anaerobic reactors is presented in Table 14.3. 


14.3 CONSTRUCTION ASPECTS 


Trickling filters are usually built with reinforced concrete, although smaller units 
can be made with different materials, such as steel, fibreglass, etc. Great empha- 
sis should be placed on the longevity and integrity of the filter structure and of 
the packing medium, achieved with the use of appropriately selected materials, 
resistant to the adverse conditions imposed by the wastewater. 

Particular attention should be given to the choice of the packing material and to 
the filling of the filter, once recurring problems of clogging of the packing medium 
have been reported. The recommendations contained in Section 14.2-d should be 
followed, particularly in the case of filters filled with stones, since improper size 
and shape of the stones can cause failure of the treatment system. 

Another important aspect refers to the construction of the bottom drainage 
system that should be resistant enough to support the whole weight of the structure 
located in the upper part, including the packing medium, the biofilm and the 
wastewater. Additionally, the design recommendations regarding the slopes of 
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the drainage system and the free areas to allow the ventilation of TF should be 
guaranteed. 


14.4 OPERATIONAL ASPECTS 


Trickling filters are characterised by their operational simplicity, as the degree 
of mechanisation of the system is minimum, mainly associated with the flow 
distribution in the tank and the sludge removal in the secondary setter. The operation 
of the system consists basically of routine activities, aiming at: 


the monitoring of the efficiency of the treatment system, carried out through 
an appropriate programme of physical-chemical analyses of the influent and 
effluent 

the monitoring of the sludge production in the treatment system, accom- 
plished through measurements of suspended solids concentrations in the 
effluent from the TF and, principally, in the final effluent and in the sludge 
withdrawn from the secondary sedimentation tank 

the observation of the occurrence of flooding (ponding) on the surface of 
the TF, that generally occurs when the volume of the void space in the 
packing medium is occupied by excessive biofilm growth 

the verification of excessive proliferation of flies, usually related to the 
operation of the TF in an intermittent way and/or to low surface loading 
rates 

the verification of the bottom drainage system, eliminating any improper 
accumulation of solids in the lower slab and in the effluent collection gutters 


Besides these basic operational items, activities of preventive maintenance 
should be undertaken, to guarantee the integrity of the treatment units and of 
all the installed equipment. Special attention should be given to the inspection of 
the flow distributors and of the sludge scrapers. 


Design a high rate trickling filter for the post-treatment of the effluent from a 
UASB reactor, given the following data: 


Data: 


Example 14.1 


Population: P = 20,000 inhabitants 

Average influent flowrate: Qay = 3,000 m3/d 

Maximum daily influent flowrate: Qmax-a= 3,600 m? /d 
Maximum hourly influent flowrate: Qmax-n = 5,400 m? /d 
Average influent BOD concentration to the UASB reactor: 
So-UASB = 350 mg/L 
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Example 14.1 (Continued) 


= BOD removal efficiency expected in the UASB reactor: 70% 
= Average influent BOD concentration to the trickling filter: 
So-rr = 105 mg/L (0.105 kg/m?) 
a Desired BOD concentration for the effluent from the TF: 
Se-TF < 30 mg/L 
= Temperature of the wastewater: T = 23°C (average of the coldest month) 
a Yield coefficient (sludge production) in the TF: 
Y= 0.75 kgTSS/kgBODyemovea 
a Expected concentration of the excess sludge wasted from the secondary 
settling tank: C = 1.0% 
= Density of the sludge: y =1,020 kgTSS/m?. 


Solution: 


(a) Adoption of the volumetric organic load (Ly) 


From Table 14.3, high rate TFs following anaerobic reactors should be de- 
signed with Ly between 0.5 and 1.0 kgBOD/m?-d. Adopted value: Ly = 
0.85 kgBOD/m?-d 


(b) Calculation of the volume of the packing medium (V) (Equation 14.2) 
V= (Qay x So-tr)/Ly 
= (3,000 m?/d x 0.105 kgBOD/m”)/(0.85 kgBOD/m?-d) = 371 m? 


(c) Adoption of the depth of the packing medium 


From Table 14.3, high rate TFs following anaerobic reactors should be designed 
with packing medium heights between 2.0 and 3.0 m. Adopted value: 
H=2.0m 


(d) Calculation of the TF surface area (A) 
A = V/H = (71 m*)/(2.0m) = 186 m? 


(e) Verification of the hydraulic loading rate on the TF (Ly) (Equation 14.1) 


For Q average: Ly = Qay/A = (3,000 m?/d)/(186 m?) = 16.1 m3/m?-d 
For Q daily maximum: Ln = Qmax-a/A = (3,600 m?/d)/(186 m) = 
19.3 m? /m?-d 
For Q hourly maximum: Lp = Qmax-n/A = (5,400 m?/d)/(186 m°) = 
29.0 m? /m?-d 

It is seen that the values of the hydraulic loading rates are in agreement with 
the recommended ranges, for the three conditions of applied flows, according 
to Table 14.3. 


Trickling filters 285 


Example 14.1 (Continued) 
(f) Calculation of the TF diameter (D) 


Adopt two filters, each one with an area of 186 m?/2 = 93 m? 
D = [(4 x A)/PI]°> = [(4 x 93 m?)/(3.1416)]°> = 10.9m 


(g) Estimation of the BOD removal efficiency of the TF (Equation 14.3) 
For TF following UASB reactors, the effluent recycle ratio may be adopted as 
zero. Hence, the recirculation factor F is equal to 1.0 (see Equation 14.4) 


E = 100/[1 + 0.443 x (Ly/F)°>] = 100/[1 + 0.443 x (0.85/1)°°] = 71% 


(h) Estimation of the BOD concentration in the final effluent (Se-TF) 
Se-tr = So-tr X (1 — E/100) = 105 x (1 — 71/100) = 30 mg/L 
(i) Estimation of the sludge production 


The expected sludge production in TFs can be estimated from Equations 14.5 
and 14.6. 


Pojudge = Y x BODrem 

BOD rem = Qax (So-rr — Se-tr) = 3,000 m3/d x (0.105 kgBOD/m? — 
0.030 kgBOD/m?) 

BODrem = 225 kgBOD,em/d 


Pojudge = 0.75 kgTSS/kgBODyem x 225 kgBOD,em/d = 169 kgTSS/d 
Considering 75% of volatile solids: 

Pojudge-volatile = 0.75 x 169 kgTSS/d = 127 kgVSS/d 

The volumetric sludge production is (Equation 14.6): 


Voludge = Pstudge/(Y x Coludge) 
= (169 kgTSS/d)/(1,020 kg/m? x 0.01) = 17 m3/d 


G) Design of the secondary settling tank 


From Table 14.2, the settling tanks should be designed with surface hydraulic 
loading rates between 16 and 32 m? /m?-d. Adopted value: Ly = 24 m? /m?-d 


A = Quay /Lh = (3,000 m? /d)/(24 m? /m?-d) = 125 m? 


Adopt two circular settling tanks with peripheral traction sludge scrapers, as 
follows: 


Diameter = 9.0 m; useful side-wall depth = 3.5 m; surface area, per unit = 
63.5 m? 
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Example 14.1 (Continued) 
According to Table 14.2, the maximum hydraulic loading rate should be be- 
tween 40 and 48 m? /m?2.d, and the calculated value is: 


Lh = Qmax-h/A = (5,400 m3/d)/(2 x 63.5m?) = 43 m?/m?-d 


(k) Sludge processing 
e Sludge production in the UASB reactors 


Pojudge =Yx BODapplied 
= 0.28 kgTSS/kgBODappiied X 3.000m7/d x 0.350 kgBOD/mº 
= 294 kgTSS/d 


e Total sludge production to be discharged, including the secondary aerobic 
sludge returned to the UASB reactors, considering 30% reduction of the 
aerobic sludge (VSS) in the UASB reactor: 


Pstudge = 294 + (169 — 0.30 x 127) = 425 kgTSS/d 


15 


Rotating biological contactors 


R.E Gonçalves 


15.1 INTRODUCTION 


The first commercial rotating biological contactor (RBC) was installed in Germany 
in 1960. The development of this process was induced by the interest in the use of 
plastic mediums, and it initially presented a series of advantages when compared 
to the classic low-rate trickling filters with stone beds. 

In the 1970s, its application was expanded, due to the development of new sup- 
port mediums and to the low energy requirements, when compared to the activated 
sludge process. Due to structural problems with shafts and support mediums, ex- 
cessive growth of the attached biomass, irregular rotations and other problems of 
low process performance, a certain rejection of this process occurred in subsequent 
decades. However, progresses in technological research and new support medium 
systems made its application viable in certain situations, such as in small systems. 
In spite of the simplicity and operational stability, this process is not frequently 
used in developing countries. However, in the last few years, treatment plants as- 
sociating UASB reactors and rotating biological contactors have become an option 
for the treatment of sewage from small and medium urban areas. 


15.2 DESCRIPTION OF THE TECHNOLOGY 


A rotating biological contactor consists of a prismatic tank, where horizontal 
shafts with equally-spaced coupled discs are installed. The shafts are maintained at 
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constant rotation (1 to 2 rpm), either by mechanical action (when working with 
about 40% of the diameter submerged) or by air impulsion (when working with 
about 90% of its diameter submerged). This rotation movement first exposes the 
discs to the atmospheric air and then to the organic matter contained in the liquid 
medium. This facilitates the attachment and growth of the microorganisms onto 
the surface, forming a few-millimetres-thick film that covers the whole disc. 

The discs are generally circular and built of low-density plastic, being installed 
in such a way as to be partially immersed, usually around 40%. Their main roles 
are: 


e serve as a support medium for the development of the biofilm 

e promote the contact of the biofilm with the wastewater 

e maintain the excess biomass dislodged from the discs in suspension in the 
wastewater 

* promote the aeration of the biofilm and the wastewater attached to it in the 
inferior part, due to the immersion of the discs 


There are cases in which the discs work about 90% submerged, and in these 
cases introduction of air is necessary to allow enough oxygen for the aerobic 
process. When the biofilm reaches an excessive thickness, part of it detaches, 
and the organisms are maintained in suspension in the liquid medium due to 
the movement of the discs, increasing the efficiency of the system. However, the 
detached biomass and other suspended solids leave with the effluent, requiring a 
secondary settling tank for the removal of these solids. Well-designed biodiscs can 
reach secondary level treatment with respect to nitrification and denitrification. 

Figure 15.1 presents a typical flowsheet of a treatment plant that uses rotating 
biological contactors. The primary settling tank can be substituted by a UASB 
reactor, substantially decreasing the organic load in the aerobic stage. 

Mass transfer and substrate and oxygen diffusion, amongst several aspects, 
control organic matter removal in rotating biological contactors. However, due to 
the complexity of the transfer/diffusion phenomenon, there is no simplified model 
for simulating the removal of organic matter. The maximum organic matter removal 
rates are limited by the oxygen transfer capacity. The main source of oxygen for 
the system is the atmospheric air; the turbulence generated by the rotation of the 
discs is only an additional beneficial consequence. 


Rotating Biological Secondary Receiving 
Preliminary Treatment Primary Settler Contactor Settler Body 
E e" 
t Y 
Sludge Sludge 


Figure 15.1. Typical flowsheet of a treatment plant with rotating biological contactors 
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15.3 DESIGN CRITERIA 


Rotating biological contactors are more frequently used for the treatment of settled 
domestic sewage, although some installations for the post-treatment of effluents 
from UASB reactors are already in operation. RBC units are usually designed to 
reach only BOD and SS removal, or to obtain a well-nitrified effluent. 


(a) Hydraulic and organic loading rates 


A sufficient residence or reaction time is necessary in any biological reactor. There- 
fore, a flow increment results in the increase in the hydraulic loading rate and a 
decrease in the detention time. Flow equalisation could be considered when peak 
daily flows are 2.5 times greater than the average flow. 

To take advantage of the biological reaction rates, that are higher with larger 
concentrations of soluble BOD in the liquid undergoing treatment, it is usual to 
divide the unit into stages, operating the first stage with soluble BOD > 50 mg/L, 
to approach zero-order reaction in relation to BOD, with a maximum removal rate 
of about 12 gBOD/m?.day. However, the organic loading rate in the first stage 
is also a limiting variable for the design, due to problems with excessive load- 
ing rates leading to increases in the biofilm thickness, limitations with relation to 
oxygen availability, odour generation, process deterioration, structural overload, 
etc. In view of these observations, for settled domestic sewage, the maximum 
organic loading rate suggested for the first stage has been limited by some equip- 
ment manufacturers at 15 gBOD,otubie/m*-day, or 30 gBOD/m?.day. Metcalf and 
Eddy (1991) suggest maximum values from 20 to 30 gBODotuble/M* day, or 40 to 
60 gBOD/m?-day. 

In general, rotating biological contactors have a minimum of two stages for 
secondary level treatment and three stages for BOD removal and nitrification. 
The organic loading rate based on soluble BOD is considered important, since 
the biodegradable organic matter predominantly used by the biomass attached to the 
disc is soluble, which is more quickly biodegraded and, therefore, the one that 
controls the maximum oxygen uptake rates. For settled domestic sewage there is 
about 50% of soluble BOD and the other 50% in suspension. For effluents from 
UASB reactors, the available data of the BODgtterea/BODitota) ratio are limited, 
indicating a ratio varying from 0.4 to 0.5, while the CODgiterea/COD total ratio is 
more commonly in the range from 0.4 to 0.7. 

Observations on substrate concentration and hydraulic loading rate lead to the 
verification of the influence of these parameters in the substrate removal rate and in 
the efficiency of the system, converging in the concept of total organic load, as a pa- 
rameter for design purposes (WEF, 1992). In an investigation of 23 treatment plants 
with rotating biological contactors in the USA, a curve of influent BOD; versus hy- 
draulic load was adjusted for the first stage (Figure 15.2). Above the curve, process 
performance was hindered. The curve corresponds to the limit of 31 gBODs/m?.d 
for the development of sulphur-oxidiser organisms. With the application of high 
organic loading rates, the following problems can occur: development of a heavier 
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Figure 15.2. Relationship between influent organic matter concentration and hydraulic 
loading rate in RBC units (adapted from WEF, 1992) 


biofilm, growth of harmful organisms, DO reduction and a total deterioration of 
the process performance. 


(b) Characteristics of the influent wastewater 


The characteristics of the influent wastewater and the impact on the biodegrad- 
ability are important considerations in the design of rotating biological contactors. 
High concentrations of H2S accelerate the growth of organisms that are harmful 
to the process. In influents with high H2S concentration, removal systems should 
be included upstream, such as pre-aeration. 


(c) Temperature of the wastewater 


Literature indicates that the efficiency of the process is not affected by temperatures 
of the wastewater above 13 °C. However, as in every biological process, there is a 
reduction in the process performance for lower temperatures. 


(d) Control of the biofilm 


Biofilm thickness is very important for rotating biological contactors, either ex- 
pressed in terms of total thickness or active thickness. Depending on the hydro- 
dynamic conditions, the total thickness of the biofilm varies between 0.07 and 
4.0 mm. However, from studies that relate biofilm thickness with removal effi- 
ciency, the part of the biofilm that contributes to the substrate removal, called the 
active biofilm thickness, was estimated between 20 and 600 um. Most of these 
studies showed that, due to limitations of oxygen or substrate diffusion, there is a 
maximum active biofilm thickness, above which the removal rate does not increase. 

Sufficient operational flexibility should be included for the control of the biofilm 
thickness. Due to the application of a larger organic loading rate in the first stages, 
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they can have a larger biofilm growth. Devices to measure the weight of the shaft 
can be applied to control the growth and accumulation of the biomass. Techniques 
for biofilm thickness control include increases in the rotation speed (shearing 
forces), periodic reversal of the rotation direction, use of supplementary aeration, 
use of removable baffles and step-feeding for the reduction of the organic loading 
rate, or, as a last resort, use of chemical products for the removal of the biofilm. 


(e) Dissolved oxygen levels 


One of the most frequent causes of aerobic system failure is inadequate level 
of dissolved oxygen. Literature indicates a minimum DO level of 2 mg/L for 
rotating biological contactors. Low DO levels for high-rate systems lead to the 
production of H2S inside the biofilm, which increases the growth of sulphur- 
oxidiser organisms such as Beggiatoa (filamentous bacteria), generating excess 
biomass, weight increase and a possible failure of the shafts or support medium 
(Metcalf and Eddy, 1991). These microorganisms compete with the heterotrophic 
organisms for consumption of the available oxygen and for space in the support 
medium, generating an increase in the biofilm thickness and a reduction in the 
organic matter removal efficiency. 

Nitrifying organisms are more sensitive to dissolved oxygen levels than het- 
erotrophic organisms. The DO levels necessary for nitrification vary from 0.5 to 
4.0 mg/L, 2.0 mg/L being a typical value. In systems applied for nitrification, the 
DO level generally rises in the later stages. Combined with low BODs values, 
this can reduce the nitrification efficiency, due to the development of protozoan 
predators of the nitrifying bacteria. To avoid the growth of predators, a maximum 
DO level of 3.5 mg/L and BODsierea between 6 and 8 mg/L is suggested in the 
nitrification stages. The design should include ways of increasing the DO in the 
system, such as velocity variation control, supplementary aeration, recirculation 
of the effluent, step-feeding of the influent and the use of removable baffles, mainly 
in the initial stages. 


(f) Operational flexibility 


Rotating biological contactors should be provided with adequate flexibility for 
good operation and maintenance. The following items should be observed: 


e possibility of supplementary aeration in mechanical rotation systems, aim- 
ing at counteracting possible overloads in the first stages 

e means for the removal of the excess biofilm, such as air stripping, water or 
chemical additives, rotation control, etc 

e removable baffles between all the stages 

e feeding alternatives of the reactor 

e recirculation of effluent from secondary clarifier 

e DO monitoring in the stages 

* easy access to equipment that need inspection, maintenance and replace- 
ment, such as shafts, support material, blowers, etc 

e drainage of the tanks 
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Table 15.1. Summary of the design criteria for rotating biological contactors 


Activated sludge and aerobic biofilm reactors 


Treatment objective 


BOD removal Separate 
Item BOD removal and nitrification nitrification 
Hydraulic loading rate (m?/m?.day) 0.08 to 0.16 0.03 to 0.08 0.04 to 0.10 
Surface organic loading rate (SOLR) 3.7 to 9.8 2.4 to 7.3 0.5 to 1.5 
(gBOD.otubie/ m?-day) 
Surface organic loading rate (SOLR) 9.8 to 17.2 7.3 to 14.6 1.0 to 2.9 
(gBOD/m?-day) 
Maximum SOLR in first stage 19 to 29 (14%) 19 to 29 (14*) = 
(gB OD. ouble/M? K day) 
Maximum SOLR in first stage 39 to 59 (30*) 39 to 59 (30*) — 
(gBOD/m?-day) 
Surface nitrogen loading rate — 0.7 to 1.5 1.0 to 2.0 
(g N-NH,*/m?-day) 
Hydraulic detention time (hour) 0.7 to 1.5 1.5 to 4.0 1.2 to 2.9 
BOD in the effluent (mg/L) 15 to 30 7 to 15 7 to 15 
N-NH,* in the effluent (mg/L) — <2 <2 


* Typical design values 
Source: Adapted from Metcalf and Eddy (1991) 


(g) Sludge production and characteristics 


The production and characteristics of the sludge generated in rotating biological 
contactors are basically the same as those from trickling filters, around 0.75 to 
1.0 kgTSS/kgBODyemovea, With a VSS/TSS ratio of 0.75 to 0.85. Equations 14.5 
and 14.6 can be used in the dimensioning of the sludge treatment units. 


(h) Summary of the design criteria 


The recommendations for the design of rotating biological contactors are mainly 
based on the BOD loading rate per unit area of support material, and also on the 
hydraulic loading rate per surface area available for biofilm growth. Table 15.1, 
adapted from Metcalf and Eddy (1991), can be used for design purposes. 


15.4 CONSTRUCTION ASPECTS AND 
CHARACTERISTICS OF THE SUPPORT MEDIUM 


The biodiscs have a shaft which supports and rotates the plastic medium that serves 
as support for the development of the biofilm. For high-density polythene biodiscs, 
the shaft length varies from 1.5 to 8.0 m and the diameter from 2.0 to 3.8 m. There 
are several types of corrugated surfaces (Metcalf and Eddy, 1991): 


e low density (or conventional), with about 9,300 m? per unit, with a shaft 
length in the order of 8.0 m and a diameter of 3.8 m 

e average or high density, with areas of about 11,000 to 16,700 m? per unit, 
with the same dimensions as previously referred 
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The low-density units are usually used in the first stages, while the average 
and high density ones are applied in the final stages of the system. The reason is 
that in the initial stages, with higher BOD concentrations, there is a larger biomass 
growth, which could lead to an excessive weight of the high-density units, harming 
its structure. 

Some discs are composed of cylinders, with their interior made up of a beehive- 
type structure, with the objective of having high specific surface areas. A variant of 
the discs is composed of wheels with corrugated tubes that work with an immersion 
of about 90%, rotating and allowing the liquid to enter inside the tubes, dragging 
large amounts of air. The movement of the wheels is induced by the application 
of air that is also used to complement the oxygen requirements for the aerobic 
process. These wheels have a diameter varying from 1.2 to 3.3 m, with a surface 
area that varies from 170 mí, for a wheel with a diameter of 1.2 m and a width of 
0.9 m, to 4.000 m2, for a wheel with a diameter of 3.3 m and a width of 2.5 m. 

For discs that work with an immersion of about 40% of its diameter, it is common 
for the systems to be covered, to protect them against deterioration by ultraviolet 
radiation and also to avoid algal growth, that can lead to a substantial increase in 
the weight of the biomass attached to the surface of the discs. 
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Submerged aerated biofilters 


R.E Goncalves 


16.1 INTRODUCTION 


Submerged aerated biofilters are nowadays a mature technology, being present 
at compact treatment plants that can even be buried in the sub-soil of sporting 
stadiums, parks and buildings in the middle of an urban area. One of the main 
advantages of the technology is the low environmental impact, especially when 
covered and deodorised, which can be done with relative simplicity (Rogalla et al., 
1992). Other advantages are the compactness, modular aspect, fast start-up, resis- 
tance to shock loads, absence of secondary clarification (Pujol et al., 1992) and 
resistance to low wastewater temperatures (Goncalves and Rogalla, 1994). 

Biofilters are capable of reaching different quality objectives: oxidation of or- 
ganic matter (Pujol et al., 1992), secondary or tertiary nitrification (Carrand et al., 
1990; Tschui et al., 1993), denitrification (Lacamp et al., 1992), and physical- 
chemical phosphate removal (Gonçalves et al., 1992). In warm-climate areas, 
biofilters can be used for the post-treatment of effluents from UASB reactors aim- 
ing at the removal of organic matter. 


16.2 DESCRIPTION OF THE TECHNOLOGY 


16.2.1 General aspects 


In practice, a submerged aerated biofilter is constituted by a tank filled with a 
porous material through which wastewater and air permanently flow. In almost all 
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of the existent processes, the porous medium is maintained under total immersion 
by the hydraulic flow, constituting tri-phase reactors composed of: 


e solid phase: constituted by the support medium and by the colonies of 
microorganisms that develop in the form of a biofilm 

* liquid phase: composed of the liquid in permanent movement through the 
porous medium 

e gas phase: formed by the artificial aeration and in a reduced scale by the 
gaseous by-products of the biological activity 


Submerged aerated biofilters (SAB) with granular mediums accomplish in the 
same reactor the removal of soluble organic compounds and suspended particles 
present in the wastewater. Besides serving as a support medium for the microor- 
ganisms, the granular material constitutes an effective filtering medium. In this 
process, periodical washings are necessary to eliminate the excess of accumulated 
biomass, reducing the hydraulic head losses through the medium. During wash- 
ing, with or without interruption of wastewater feeding, several hydraulic discharge 
sequences of air and wash water are carried out. 

On the other hand, the submerged biofilters with structured beds, also called 
submerged aerated filters (SAF), are classified by the same type of packing medium 
used for trickling filters (TF). Since they do not have granular-type packing mate- 
rial, as in SAB, they do not retain the suspended biomass by the filtration action, 
thus needing secondary settling tanks, at least for the usual hydraulic loading rates 
applied to trickling filters. SAF can operate with upward or downward flow and, 
as they need air supply for aeration, this is done through coarse bubble diffusers 
placed in the lower part of the filter, fed by blowers. Feeding of SAF is similar to 
that of SAB. When operated without sludge recirculation, they respond in a similar 
way to trickling filters (even though TF could be operating with final effluent re- 
cycle to dilute the influent to about 100 mg BOD/L) submitted to the same organic 
loading rates per unit area or unit volume of the packing medium. 

The first SAB appeared at the beginning of the 1980s and were conceived for 
the removal of SS and the oxidation of organic matter from domestic sewage. 
A typical flowsheet of such a treatment plant is presented in Figure 16.1. 


Primary Settler Biofilters 


Preliminary Treatment Receiving 


Effluent Body 


> fl = — == 
Sludge 
Treatment Pump 


Figure 16.1. Typical flowsheet of a treatment plant with SAB with granular medium for 
BOD and SS removal (Gongalves, 1993) 
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Its main components are: 


e pre-treatment: coarse screening, fine screening and grit removal 
e primary treatment: conventional or lamellar settling tanks 
e secondary treatment: SAB, in this case, with upward flow 


The two sources of sludge generation are the primary sedimentation tanks and 
the washing of SAB. The wash sludge is generally retained in a storage tank, 
and is pumped for clarification in the primary settling tank, outside the peak flow 
hours. Therefore, the sludge to be treated is a mixed one, composed of primary 
and biological sludge. 

To limit fast clogging of SAB with granular filter bed, it is imperative to have 
a primary sedimentation stage in the treatment of domestic sewage. The complete 
elimination of primary treatment is only possible in the case of very diluted 
wastewater, and even so with a very efficient pre-treatment (SS < 120 mg/L). 


16.2.2 Treatment plants associating UASB reactors and SAB 


A configuration of a treatment plant associating UASB reactors and SAB in series 
was developed by Gonçalves et al. (1994). The proposed configuration substitutes 
the primary sedimentation tanks by UASB reactors, which remove about 70% 
of the influent BOD (Figure 16.2). Post-treatment of the anaerobic effluent is 
accomplished in the submerged aerated biofilters, aiming at the removal of organic 
matter and the remaining suspended solids. 

In parallel with the development of this configuration, a series of simplifications 
were introduced in the biofilters, compared with similar European processes. Three 
types of low cost, widely available commercial gravels or broken stones (grades 2, 
1 and 0) are used in the composition of the packing mediums of the biofilters. 
The aeration system comprises Venturi tubes through which a pump sucks the 
aerobic effluent, captures air near the orifices, and injects water and dissolved 
air in the base of the biofilters. The air is captured in the vicinity of the main 
emission points of malodorous compounds (grit chamber, pumping station, drying 
bed) and is reintroduced into SAB, where biological odour removal occurs, with 
approximately 95% H2S removal (Matos et al., 2001). SAB units are interconnected 


UASB Reactor 
biogas +, Biofilters 


Preliminary Treatment ya Effluent Tank for 
e Ng Filter Wash 
— fl a — 


Sludge 


Digested Sludge Sludge (from filter wash) 


(for dewatering) %77 


Figure 16.2. Typical flowsheet of a treatment plant associating a UASB reactor and SAB 
in series 
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Pumping Sludge (for dewatering) 
station 


Figure 16.3. Arrangement of a treatment plant comprising UASB + SAB 
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Figure 16.4. Schematics of a compact plant with UASB + SAB in the same volume 
(courtesy: Sanevix Engenharia Ltda) 


in their upper part, allowing the use of treated effluent in the washing operation, 
which is accomplished in downflow mode without air injection. 

In the proposed system, the excess sludge produced in the biofilters is recircu- 
lated to the UASB reactor, where thickening and anaerobic digestion occur. The 
excess sludge produced in the UASB reactor is highly concentrated and stabilised, 
being discharged by gravity to the dewatering unit. The UASB reactors and SAB 
units can be built separately (Figure 16.3) or in the same volume (Figure 16.4). 


16.2.3 Important aspects of the technology 
(a) Flow direction (air and water) 


The flow direction (air and water) determines the main operational characteristics 
of a submerged aerated biofilter and directly influences the following points: SS 
retention, gas-liquid transfer, development of the hydraulic head loss, washing 
type, energy utilisation and odour production. The different options for the flow 
direction are presented in Figure 16.5 (Richard and Cyr, 1990). The air flow in SAB 
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Figure 16.5. Flow directions (air/liquid) in biofilm aerobic reactors (Richard and Cyr, 
1990) 


is only viable in an upflow direction, due to the state of permanent immersion of 
the packing medium. A downflow air current is only possible in granular mediums 
that are not submerged (as in the case of trickling filters), which limits the options 
for the flow in SAB to two possibilities: 


e co-current: with upward liquid and air flows 
e counter-current: with downward liquid and upward air flows 


The different processes are generally classified based on the flow direction: 
upward or downward. The main advantages and disadvantages of each one of 
these options are as follows: 


e solids retention capacity: the SS retention capacity is larger in downflow 
processes with heavy granular mediums (density > 1) or upflow with a 
floating medium (density < 1). In this case, the liquid flow proceeds in the 
direction of the compression of the filter bed, conferring its large filtration 
capacity. On the other hand, in the upflow processes with heavy packing 
medium, the co-current flow produces an expansion of the filter bed, which 
allows a better-distributed SS retention along the SAB height. SAB units 
with structured packing medium need secondary settling, because they 
possess small SS capture and storage capacity. 

* evolution of the head loss: due to the high efficiency in SS retention, the 
head loss develops more quickly in downflow SAB with heavy granular 
beds and in upflow SAB with a floating medium. With a relatively slower 
head loss evolution, the upflow processes with heavy material have beds 
with a height that could reach up to 3.00 m. The evolution of the head loss 
is extremely low in structured packing mediums (honeycomb-type), with 
a filtration cycle that could last several days. 

e hydraulic behaviour: the downflow processes (counter-current) can favour 
the formation of air bubbles trapped in the middle of the granular medium 
(embolism). A disadvantage of the upflow processes is the possibility of 
a deficient influent distribution in the granular medium, generating short 
circuits and reduction of efficiency. 
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e aeration demand: manufacturers state that downflow processes require less 
air and that the head loss is smaller, due to the relatively small height of the 
filter bed (Sibony, 1983). Manufacturers of upflow processes claim that, due 
to the larger filter bed height, the oxygen transfer efficiency is very high — 
from 23 to 30% (Strohmeir et al., 1993). Experimental data obtained in 
full-scale plants indicate that this efficiency reaches, at the most, 10% in 
the two process types (Canler and Perret, 1993). 

* construction details: in the downflow processes, the aeration tubing only 
enters in contact with the treated wastewater, and is less subject to blockages 
by solids present in the settled wastewater. In the case of the upflow pro- 
cesses, only the treated wastewater enters in contact with the atmosphere, 
eliminating odour problems. Upflow SAB can also be self-cleaning, when 
the washing is carried out in the counter-current mode. 


(b) Packing material 


The packing medium should accomplish two functions in SAB: to serve as a support 
for the attachment of the microorganisms and to physically retain SS present in 
the wastewater. The smaller the specific surface available for the attachment of the 
microorganism colonies, the smaller the SS retention capacity by filtration will be. 
On the other hand, materials with high specific surfaces favour fast evolution of 
the head loss, demanding more frequent washings of the SAB. 

The choice of the characteristics of the packing medium is a compromise be- 
tween quality of the treated effluent and washing frequency, within reasonable 
economical limits. The most commonly used packing mediums are composed of 
granular material with the following main characteristics: 


e Grain size between 2 and 6 mm, in the case of domestic sewage treatment in 
downflow SAB (Gilles, 1990). Grains with an effective diameter between 1 
and 2 mm are appropriate for tertiary nitrification in upflow SAB, while for 
carbonaceous oxidation the diameter should be larger than 2.5 mm (Richard 
and Cyr, 1990). In Brazil, SAB units with packing medium composed of 
gravel layers (grades 4, 2 and 0) have been used with success (Bof et al., 
2001). The introduction of sand layers significantly increases the clarifica- 
tion of the treated effluent. Amongst the granular materials, the more com- 
monly used have a specific surface varying between 200 and 600 m?/mº. 

e Density in the order of 1.5, for the case of granular materials applied to 
secondary treatment. Higher densities imply greater energy consumption 
with the expansion of the bed during washing. In the case of the pack- 
ing material of the BIOSTYR process (OTV, France), polystyrene beads 
(density = 0.04) with specific surface greater than 1,000 m?/mº are used. 
Denser materials, such as gravel or broken stones, can be used for the post- 
treatment of anaerobic effluents when the average specific surface of the 
filter bed does not exceed 300 m?/mº. 

e Homogeneous grain size to avoid clogging of the void spaces by smaller 
particles. When using stratified beds in secondary treatment, different den- 
sities should be adopted among the layers of different materials. 
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e Inert, non-biodegradable and non-deforming material, so that the packing 
medium conserves its shape and grain size characteristics during several 
years of plant operation. 

e Resistance to abrasion, resulting from the turbulence produced during 
washing of the granular medium. 


The shape of the grains does not significantly influence the performance of the 
process. The surface characteristics that facilitate the attachment of the biomass 
are more important, mainly specific surface and roughness. 

Granular materials of mineral origin are currently more commonly used in treat- 
ment plants. Grains of calcined clay or expanded schistus of the silicate family are 
the most common in Europe. Sandy materials, pozzolana and activated carbon are 
used less frequently. Some of these materials are patented, notably some calcined 
clays that receive a surface treatment with metallic salts or activated carbon. The 
first SAB units used in Brazil were packed with broken stone or gravel and ex- 
panded clay. However, as a result of the high cost of the expanded clay, new SAB 
units are packed almost exclusively with broken stone or gravel. Sandy layers of 
different granulometry have also been tested, aiming at the production of a highly 
clarified effluent. 

On the other hand, the use of synthetic materials was intensified at the begin- 
ning of the 1990s and generated new processes with floating or structured medium 
(submerged aerated filters, - SAF). Granular mediums with a specific weight vary- 
ing between 0.03 and 0.9 g/cm? have been used, composed of materials such as 
polystyrene, polypropylene, polyurethane, PVC and plastic. The price of these 
materials is higher than those of a mineral origin, although a part of the additional 
cost can be compensated by the smaller energy demand during washing. In most 
European SAB units, elimination of the wash water reservoirs (self-cleaning SAB) 
can be achieved with the use of synthetic materials. Some of the synthetic granular 
materials used in SAB have a porosity of 40% and specific surfaces greater than 
1,000 m?/m? (Tschui et al., 1993). 

Structured synthetic materials comprise corrugated mediums with a honeycomb 
or similar type, and present specific surfaces varying between 100 and 500 m?/m? 
and porosity higher than 80%. The result of this high porosity is a smaller filtration 
capacity and the need for SAB units to have complementary clarification of the 
treated effluent. In contrast, this type of SAB presents the following advantages in 
relation to other SAB units: liquid velocities of up to 20 m/hour, filtration cycles 
of up to 1 week and the absence of hydraulic short circuits (Gros and Karl, 1993). 


(c) Aeration system — oxygen demand 


Most SAB and SAF units have a direct system of artificial aeration, composed of 
blowers and air pipes. In older SAB units with heavy granular mediums, the aeration 
grid is located at the base of the filter bed, supported on the slab with diffusers. In 
upflow processes, the grid can be introduced inside the granular medium, allowing 
the creation of a non-aerated fraction at the beginning of the filter bed. 
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In rare cases of extremely diluted effluent, the aeration can be accomplished 
outside the SAB. In anoxic SAB used as denitrification reactors in wastewater 
treatment (Jepsen et al., 1992) or in water treatment (Ravarini et al., 1988), the 
air injection device is also non-existent. In these last two cases, the SAB operates 
predominantly as a two-phase reactor, in more favourable hydraulic conditions 
than in the case of a three-phase SAB. Tests using pure oxygen in the treatment of 
domestic sewage did not produce results that justified the cost increment. 


(d) Washing of the filter medium 


Periodic washing of the filter medium is an obligatory stage in the operation of SAB, 
to control the progressive clogging of the bed due to biofilm growth (microorgan- 
isms and retained SS). The duration of these cycles depends on the granulometry of 
the material, the applied load, the characteristics of the wastewater and the nature 
of the attached biomass. Most SAB units applied to secondary wastewater treat- 
ment are designed to operate for 24 to 48 hour periods between two consecutive 
washings. 

The amount of treated water used and the energy consumption (pumps and air) 
are two factors to be considered in the definition of the washing procedure. The 
volume of wash water used in SAB with fixed granular beds is estimated, in upflow 
SAB, as 3 to 8% of the treated volume (Strohmeier and Schroeter, 1993) and from 
5 to 10%, in downflow SAB (Upton and Stephenson, 1993). According to Pujol 
et al. (1992), the volume of water necessary to wash a SAB can be estimated as 
three times the filter bed volume. In the case of the association of UASB reactors 
with SAB, the washing can be done every 3 days, using less than 2% of the treated 
wastewater volume in the period between two washes. 

The main manufacturers of SAB with heavy granular materials adopt washing 
protocols with different times, but with identical sequence of objectives, as detailed 
in Section 16.5. The various existing washing protocols were conceived so that the 
operation lasts for 20 to 40 minutes. In the case of European treatment plants, the 
excess sludge is pumped to the primary settling tank for combined treatment with 
the primary sludge. 


(e) Energy consumption 


The consumption of energy in the biofilters is concentrated on aeration, on the 
supply of air for washing and on the pumping of wash water (Table 16.1). Evaluation 
campaigns carried out in French treatment plants showed that the highest energy 
consumption is due to aeration, which consumes on average 87% of the energy 
related to secondary treatment (Canler and Perret, 1993). The energy balance 
undertaken by Kleiber et al. (1993) in the Perpignan treatment plant (France), 
covering a period of 12 months, resulted in the following consumption distribution 
in the secondary treatment: air-process = 83% of the total consumption, SAB 
washings = 17%. 

Regulation devices of air supply as a function of the influent load are non- 
existent in most treatment plants in operation, which leads to energy consumptions 
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Table 16.1. Energy consumption in several treatment plants with granular SAB 


Energy demand 
(kWh/kg removed) Type of Treatment 
COD BOD; SAB level Observation Reference 
0.94 Upflow Secondary Overall Gilles (1990) 
consumption 
1.05 Consumption in 
the SAB 
1.30 Upflow Secondary BIOFOR Partos et al. 
(1985) 
1.02 to 1.25 Upflow/ Secondary Study in 12 plants Canler and 
downflow Perret (1993) 
1.41 Downflow Secondary Air for the process Condren (1990) 
with 
nitrification 
1.98 Overall 
consumption 
in SAB 
0.40 Upflow UASB + SAB Plants in Brazil Bof et al. (2001) 


that do not correspond to the real process needs. Some energy consumption values 
published by several authors are summarised in Table 16.1. 

In the study carried out by CEMAGREF in 12 French treatment plants, installed 
power per unit volume of granular bed was on average 1,430 W/m? for upflow 
SAB (Pujol et al., 1992). This power was split into 130 W/m? for process aeration, 
600 W/m? for wash aeration and 700 W/m? for wash pumps. For downflow SAB, 
the installed power was on average 1,250 W/m’, divided into 300 W/m? for process 
aeration, 650 W/m? for wash aeration and 300 W/m? for wash pumps. 

Treatment plants associating UASB reactor + SAB in operation in Brazil present 
an average power of 2.0 W/inhabitant. Of this value, 50% correspond to the en- 
ergy consumption in the aeration of the SAB. The other half refers to lighting 
and wastewater and sludge pumps. In terms of organic matter removal, the av- 
erage energy consumption is 0.4 kWh/kgCODyemovea- In comparison with other 
data from Table 16.1, this value shows the importance of the anaerobic treatment 
upstream the SAB in the reduction of the energy consumption in the treatment 
plant. 


16.3 DESIGN CRITERIA 
(a) Preliminary considerations 


The design of SAB and SAF is basically accomplished using empirical data, 
obtained through pilot- or full-scale experiments. The main design parameters 
are very similar to those already described in Section 14.2, related to trickling 
filters: 
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e hydraulic loading rate: volume of wastewater applied daily per unit area of 
the packing medium of the biofilter, expressed in m?/m?.d (Equation 14.1) 

* organic loading rate: mass of organic matter applied daily to the biofilter, 
per unit volume of the packing medium, expressed in kgBOD/m?-d or 
kgCOD/m*.d (Equation 14.2) 


(b) Sludge production and characteristics 


The specific sludge production in secondary treatment in upflow or downflow 
SAB units is of the order of 0.4 kgTSS/KkgCODyemovea or 0.8 to 1.0 kgTSS/ 
kgBODs removed (Pujol et al., 1992; Richard and Cyr, 1990). The excess sludge 
removed through washing of the bed can be estimated as 1 kg TSS/mº of the bed. 
Due to the fact that, besides biofilm growth, washing also removes SS retained 
by filtration, the wash sludge contains large amounts of volatile solids (>80%). Its 
settleability and thickening ability are relatively good. 

In the case of the association of UASB reactor + SAB, the sludge produc- 
tion in SAB submitted to organic loading rates lower than 3.5 kgCOD/mºbed-d 
is estimated as 0.25 kgTSS/kgCODyemovea. In these cases, a large fraction of 
the rapidly biodegradable COD is removed in the anaerobic treatment stage, 
which allows the development of a thin biofilm with a very high sludge age in- 
side the SAB. Volatile solids levels lower than 60% (VS/TS) are observed in the 
sludge discharged from SAB operating under such conditions. When the organic 
loading rate exceeds 4.0 kgCOD/mº.d, the sludge production and characteristics 
resemble those described for secondary treatment. 

The sludge production estimated for SAF and the design of the secondary 
settling tanks after SAF are identical to those described for trickling filters (Sec- 
tion 14.2). Considering that trickling filters lead to high head losses in the hydraulic 
profile of the treatment plant, SAF becomes a very attractive alternative for bio- 
logical post-treatment of effluents from UASB reactors when the area available for 
the treatment plant is flat. 

Additionally, this type of filter, when packed with material with high porosity 
and high specific surface area, can allow a good recirculation of sludge from the 
secondary settling tank, significantly increasing the biomass in the system. This 
configuration allows a greater organic matter removal potential per unit volume 
and also nitrification. However, this conception implies the use of a reactor with 
possible predominance of biomass in suspension, discussion of which is beyond 
the scope of this chapter. 


(c) Aeration rates 


Some values of the aeration rates practised in secondary treatment in granular 
SAB are presented in Table 16.2. Manufacturers of SAB with granular mediums 
state that oxygen transfer can reach efficiencies from 20 to 25%. However, rig- 
orous monitoring campaigns carried out by a technical department of the French 
Ministry of Agriculture (CEMAGREF) showed that in full-scale treatment plants 
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Table 16.2. Aeration rates for secondary treatment in upflow and downflow SAB units 


Aeration rate 


(Nmº/kg 
_ applied) 3 Type of 
COD BOD; SAB Observation Level of treatment Reference 
20 Downflow Whole plant Secondary Kleiber et al. 
(1993) 
32 Downflow Whole plant Secondary + Rogalla et al. 
50% nitrification (1992) 

20 Downflow In the SAB Secondary Stensel et al. 
(efficiency = 7.7% (1988) 
and 1.5 mgO,/L) 

56 Downflow Whole plant Secondary + Condren 

partial nitrification (1990) 

35 Upflow UASB + SAB Secondary Bof et al. 

(2001) 


this efficiency reaches at the most 10% (Canler and Perret, 1993). These results 
are equivalent to those obtained by Stensel et al. (1988) in a downflow SAB of the 
same type. For aeration rates from 10 to 40 Nm? ait/kgBODapplied, oxygen transfer 
efficiencies varied between 9.2 and 5%. The average O, consumption calculated 
was 0.5 kgO2/kgBODappiiea, lower than the typical values observed in conventional 
activated sludge (0.8 to 1.2 kgO7/kgBODapptica). 

It is advisable that, for trickling filters, the influent has a BOD below about 
100 mg/L, mainly due to the oxygen limitation, while for SAF such a limitation 
does not exist. The supply of air to reach the oxygen requirements of the aerobic 
process to have an effluent with BOD in the range of 20 to 30 mg/L, non nitrified, 
is about 35 to 40 m3air/kgBODapplied- 


(d) Summary of the design criteria for SAB units following UASB reactors 


The main design criteria used for plants associating UASB reactors and submerged 
aerated biofilters (SAB) can be found in Table 16.3. 


16.4 CONSTRUCTION ASPECTS 


Among the urban wastewater treatment processes currently in operation, the sub- 
merged aerated biofilter is one of the most compact ones. SAB units can be built of 
concrete, fibreglass or steel with an anti-corrosion protective coating. In the case 
of these last two materials, and depending on the treatment capacity, the units can 
be pre-fabricated and transported to the plant location. Larger plants can have the 
pieces pre-fabricated and then transported for on-site assembly. Pre-fabrication 
greatly simplifies the planning and the implementation of the building site, lower- 
ing its size and duration. This aspect is in accordance with the peculiarities of the 
sanitation market for small localities, where, in general, there are infrastructure 
deficiencies for implementation of complex building sites. 
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Table 16.3. Main design criteria for plants associating UASB reactor + SAB 


UASB UASB reactor + 
Parameter reactor SAB SAB 
Volumetric organic loading rate (kgBOD/ 0.85to1.2 3.0 to 4.0 - 
m?-day) 
Surface organic loading rate (gCOD/ 15 to 18 55 to 80 - 
m2.day) 
BOD removal efficiency (%) 65 to 75 60 to 75 85 to 95 
SS removal efficiency (%) 65 to 75 60 to 75 85 to 95 
COD removal efficiency (%) 60 to 70 55 to 65 80 to 90 
Aeration rate (Nm3/kgBODyemoved) — 25 to 40 — 
Sludge production (kgTSS/kgCODyemovea) 0.15 to 0.20 0.25 to 0.40 — 
VS content in the sludge (VS/TS) 0.50 to 0.60 0.55 to 0.80 — 
Aerobic sludge digestion efficiency 0.20 to 0.35 — — 


in the UASB (% VS) 


In the same way as for trickling filters, special attention should be given to the 
packing material of the filter. In the case of filter beds composed of materials of 
different densities and sizes, the turbulence generated by the washing operation can 
cause a mixture of the layers, and then loss of material or blockages. Although the 
aeration contributes to a significant mixing inside the biofilters, inside the filter bed 
the flow approaches plug flow. The positioning of the wastewater feeding points 
and the distribution, alignment and level of the collection gutters for the treated 
effluent should be thoroughly verified. 

Another important aspect refers to the slab that supports the granular medium 
inside the biofilters. In upflow SAB treating anaerobic effluent, the slab should 
be built or covered with corrosion-resistant material, as it will be in permanent 
contact with sulphides present in the anaerobic effluent. Finally, the installation of 
an access window at the body of each biofilter, at the height of the aeration grid, 
can greatly facilitate occasional maintenance tasks. 


16.5 OPERATIONAL ASPECTS 


The retention of suspended solids and the growth of the attached biomass on the 
granular medium result in the constant increase of the head loss in biofilters with 
granular packing mediums. Control of this head loss is done through washings of 
the granular medium, accomplished in counter-current mode, just as in the rapid 
sand filters used in water treatment plants. The washing operation is composed 
of several intense hydraulic discharges of air and treated effluent. This intense 
turbulence temporarily expands the granular medium, promoting the removal of 
the excess biofilm. The washing frequency will depend on the evolution rate of the 
head loss, being around | washing/week in plants treating domestic sewage of 
average characteristics. 

The objective of the washing operation of a SAB is to eliminate the excess 
biofilm accumulated in the process, during the operation between two sequential 
washings. Through washing, the biofilm thickness is reduced to ideal dimensions, 
which results in increase in the metabolic activities of the attached biomass and in 
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the reduction of the head loss in the granular medium. The washing can or cannot 
consist of the total interruption of the wastewater feeding. 

The washing of SAB should be conveniently dosed to preserve the integrity 
of the filter bed and to retain a minimum amount of biomass necessary for the 
immediate start after washing. The volume of wash water used in SAB is estimated 
as 3 to 8% of the volume of treated wastewater. The volume of water necessary to 
wash the SAB can also be estimated as three times the volume of the filter bed. 

The washing operation may comprise the total interruption of the unit under 
washing, and is done during times of low flow to the treatment plant. This usually 
happens during dawn, when several units can be stopped without great problems. 
After the wastewater feed is interrupted, strong hydraulic discharge sequences of 
air and wash water are applied to eliminate the excess attached biomass. Generally, 
several hydraulic discharges are applied in the opposite direction to the wastewater 
flow (back-washing). 

The several stages that constitute a washing operation can follow different time 
intervals, but always attending the following stages in sequence: 


e desegregation of the material, by means of strong discharges of air 

e destructuring of the excess biofilm, through strong discharges of air and 
water (concomitant or not) 

e water discharges, to remove the excess sludge of the granular medium 

e removal of the wash sludge 


Washing of a biofilter requires its isolation from the others, if the plant is com- 
posed of several units. The only connection between the units will be that placed in 
the area above the granular medium, which guarantees a system of communicating 
vessels among the treated water reservoirs of each SAB (supernatant liquid layer in 


Table 16.4. Stages of a SAB washing operation 


Stage Time (min) Objective Necessary action 


1 2 Interruption of the operation Stop wastewater and air feeding 
(close valves) 
2 2 Intense discharge of the liquid, Open the valve at the bottom of 
at rates >20 m?/m?-hour the SAB for 2 min 
3. 0.5 Interruption of the discharge of Close the valve at the bottom of 
the liquid the SAB 
4 2 Intense aeration, at rates greater Open the valve in the aeration 
than 50 m?/m?-hour network of the SAB 
5 0.5 Interruption of the intense Close the valve in the aeration 
aeration network of the SAB 
6 15 Repeat stages 2, 3, 4, and 5, in Follow the sequence of action 
order, three more times described for each respective 
stage 
7 1 Restart the operation of the SAB Restart feeding of the SAB 


with wastewater and air 
(open the valves) 


Total: 23 min 
Source: SANEVIX Engenharia Ltda (1999) 
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Table 16.5. Main problems and possible solutions in the operation of granular 


stone bed SAB 


Problems Possible causes 


Possible solutions 


High concentrations of 
suspended solids in the 
effluent 


— Biofilm loss/washing 
deficiency 


— Biofilm loss/toxicity 


— High concentration of 
suspended solids in the 


— Extend washings of the 
SAB; wash with a higher 
frequency; increase air and 
water hydraulic loads during 
washing 

— Find and eliminate the 
emission sources of the 
toxic compounds 

— Evaluate the possibility of 
solids removal upstream of 
the reactor 


influent 
Excessive increase inthe — Organic or hydraulic 
head loss overload 
— Washing deficiency 


— Air distribution deficiency 


— Excessive aeration 


— Find and eliminate the 
contributing sources of 
excessive organic material 
or reduce loads, by 
decreasing the influent flow 

— Extend washing of the SAB; 
wash with a higher 
frequency; increase air and 
water hydraulic loads during 
washing 

— Evaluate the operation of the 
air distribution system 
(possible blockage) 

— Reduce the aeration rate 


Low organic matter 
removal efficiency 
(BOD, COD and SS) 


— Organic overload, high 
concentration of organic 
matter in the influent 


— Hydraulic overload, peak 
influent flows 


— Presence of toxic 
compounds in the 
wastewater 

— Low wastewater 
temperatures 


— Find and eliminate the 
contributing sources of 
excessive organic material 
or reduce loads, by 
decreasing the influent flow 

— Limit influent flows to the 
reactor or equalise flows in 
industries 

— Find or eliminate the 
emission sources of toxic 
compounds 

— Evaluate the possibility of 
covering the reactor 


Source: SANEVIX Engenharia Ltda (1999) 


the upper part of each SAB). This connection aims to guarantee the supply of treated 
water, introduced in downflow mode in the granular medium during washing. 
As mentioned, the washing operation should be accomplished in periods in 


which the plant operates below its maximum treatment capacity. If automation is 
possible, the operation should be programmed for the period between 2:00 and 
6:00 a.m., when the influent flow to the plant reaches its lowest values. The stages 
listed in Table 16.4 should be followed during SAB washing. 

Table 16.5 summarises the main problems and possible solutions to be adopted 
during the operation of SAB with granular stone bed. 
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Example 16.1 


Design submerged aerated biofilters (SAB and SAF) for the post-treatment of 
effluents generated in a UASB reactor, considering the same design elements 
of trickling filters (Example 14.1): 


Data: 


Population: P = 20,000 inhabitants 

Average influent flowrate: Qay = 3,000 m?/d 

Maximum daily influent flowrate: Qmax-a = 3,600 m?/d 

Maximum hourly influent flowrate: Qmax-n = 5,400 m?/d 

Average influent BOD concentration to the UASB reactor: So-vasB = 
350 mg/L 

BOD removal efficiency expected in the UASB reactor: 70% 

Average effluent BOD concentration from the UASB reactor: Se-vasB = 
105 mg/L 

Desired BOD concentration in the effluent from biofilter: Se-sap < 30 mg/L 
Temperature of the wastewater: T = 23 °C (average of the coldest month) 
Yield coefficient (sludge production) in biofilter: Y = 0.75 kgTSS/ 
kgBODyemoved 

Expected concentration for the sludge discharged from the secondary 
settling tank: Conage = 1% 

Density of the sludge: y = 1,020 kgTSS/m’. 


Alternatives to be considered: 


Alternative A: Use of UASB reactor followed by SAB (packing bed of 
stones) 
Alternative B: Use of UASB reactor followed by SAF (packing bed of 
stones) 
Alternative C: Use of UASB reactor followed by SAF (packing bed of 
plastic) 


Solution: 


(a) Alternative A: Submerged aerated biofilter, SAB (packing bed 
of stones) 


Submerged aerated biofilters with an upward flow and a stone packing 
medium with a porosity of approximately 40% will be used, with the 
following arrangement: 

e Slayer = 30 cm of gravel grade 3 

e 24 layer = 30 cm of gravel grade 2 

e 3" layer = 40 cm of gravel grade 1 

e 4 layer = 100 cm of gravel grade 0 

The final effluent is expected to have the following characteristics: 


BOD < 30 mg/L, COD < 90 mg/L and SS < 30 mg/L 
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Example 16.1 (Continued) 
— Effluent organic load from the UASB reactor (influent to the biofilter): 
OLe-vass = Qay X Se-vasB = 3,000m3/d x 0.105 kgBOD/m? 
= 315 kgBOD/d 
— SAB volume (V) 
From Table 16.3, adopting L, = 4.0 kgBOD/m?-d 
V = OL.-uasp/Ly = (315 kgBOD/d)/(4.0 kg BOD/m?-d) = 79 m? 


— SAB area (A) 
Considering a filter bed height of 2.0 m: 


A = V/h= (79.0 m*)/(2.0 m) = 39.5 m? 
Therefore, the biofilter will have a circular section with a diameter of 7.1 m, 
and will be divided into four equal parts. 
—  Upflow velocity or hydraulic loading rate (v) 
v = Qu/A = (3,000 m3/d)/(39.5 m?) = 75.9 m/d = 3.2 m/hour 


— Air demand (without nitrification) 
From Table 16.2, considering an aeration rate of 30 Nmºair/ 
kgBODappliea 
Quir = aeration rate x OLe-UASB 
= (30 Nmair/kgBODappiica) x 315 kgBOD/d 
Qair = 9,450 Nm?air/d 
The airflow per biofilter will be 9,450/4 = 2,363 m?/day, with a pressure of 
5.0 m.w.c. (metres of water column). 


— Sludge production for dewatering 
Sludge production in the SAB: 


Podge = Y x OLe-vasB = 0.75 kgTSS/kgBODappiiea X 315 kgBOD/d 
= 236 kgTSS/d 


Considering 75% of volatile solids: 
Pojudge-volatile = 236 kgTSS/d x 0.75 = 177 kgVSS/d 


Sludge production in the UASB reactor 
Production due to the wastewater treatment: 


Pojudge =Yx BODapplied 
= 0.28kgTSS/kgBOD, pica 
x 3,000 m3/d x 0.350kgBOD/m? 
= 294kgTSS/d 
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Example 16.1 (Continued) 


Total production, including the secondary aerobic sludge returned to the UASB 
reactor, considering 30% reduction of the aerobic sludge (VSS) in the UASB 
reactor: 


Psiudge = 294 + (236 — 0.30 x 177) = 477 kgTSS/d 


(b) Alternative B: Submerged aerated filter, SAF (packing bed of stones) 


Submerged aerated filters with upward flow will be used. The packing 
medium will comprise gravel 4, with a specific surface area of 70 m?/m?> 
and 57% void spaces. 


For effluent BOD < 30 mg/L, it will be adopted a surface loading rate (L,) 
of 14 gBOD/m?-d (0.014 kgBOD/m?-d) 


Calculation of the volumetric organic load (Ly) 


L, = specific surface area of the packing medium x L, 
= 70 m?/m? x 0.014 kgBOD/m?-d 
Ly = 1.0 kgBOD/m?-d. 


Calculation of the SAF volume (V) 
V = OL¢-vasp/Ly = (315 kgBOD/d)/(1.0 kgBOD/m?-d) = 315 m? 


SAF area (A) 
Considering stone bed height of 3.0 m: 


A = V/h= (315 m3)/(3.0 m) = 105 m? 


Adopt two units of 52.5 mí each, with 7.3 m x 7.3 m, or two circular units with 
a diameter of 8.2 m each. 


height of the inlet compartment = 0.8 m 
height of the packing medium = 3.0 m 

water height over the packing material = 0.5 m 
total useful height = 4.3 m. 


Air demand (without nitrification) 
From Table 16.2, considering an aeration rate of 30 Nm?air/ 
kgBODapplied: 


Qair = aeration rate x OL.-vasB 
= (30 Nmºair/kgBOD,pplied) x 315 kgBOD/d 
Quir = 9,450 Nmºair/d = 394 Nmºair/hour 


air flow per filter = 394/2 = 197 m?/hour or 3.3 m?/minute (4.0 m?/ minute 
will be adopted for each unit, with a pressure of 5 m.w.c.) 
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Example 16.1 (Continued) 


e air distribution system: by coarse bubbles, through perforated tubes or 
coarse bubble diffusers 


— Design of the secondary settling tank 
From Table 14.2, the settling tanks should be designed with surface 
hydraulic loading rates between 16 and 32 m?/m?-d. Adopted value: Ly = 
24 m3/m?-d 
A = Qu/Lh = (3,000 m? /d)/(24 m? /m2.d) = 125 m? 
Adopt two circular settling tanks with peripheral traction sludge scrapers, as 
follows: 


Diameter = 9.0 m; useful side-wall depth = 3.5 m; surface area, per unit 
= 63.5 m? 


According to Table 14.2, the maximum hydraulic surface loading rate should 
be between 40 and 48 m?/m?-d and the calculated value is: 


Ln = Qmax-h/A = (5,400 m3/d)/(2 x 63.5 m?) = 43 m3/m?-d 


The sludge from the secondary settling tanks will be pumped to the inlet of 
the UASB reactors. For sludge removed with 1% solids, the daily volume to be 
pumped is as follows: 


Vetudge = Pstudge/(Y X Cotudge) = (236 kgSS/d)/(1,020 kg/m? x 0.01) 
= 23.1 m?/d 


— Sludge production for dewatering 
Sludge production in the SAF: 
Psludge = Y x OLe-vasp = 0.75 kgSS/kgBODapplied X 315 kgBOD/d 
= 236 kgTSS/d 
Considering 75% of volatile solids: 
Pojudge-volatile = 236 kgTSS/d x 0.75 = 177 kgVSS/d 
Sludge production in the UASB reactor 


Production due to the wastewater treatment: 


Pojudge =Y x BODapplied 
= 0.28 kgSS/kgBOD applica X 3,000 m3/d x 0.350 kgBOD/m? 
= 294 kgTSS/d 


Total production, including the secondary aerobic sludge returned to the 
UASB reactor, considering 30% reduction of the aerobic sludge (VSS) in 
the UASB reactor: 


Pstudge = 294 + (236 — 0.30 x 177) = 477 kgTSS/d 
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Example 16.1 (Continued) 


(c) Alternative C: Submerged aerated filter, SAF (packing bed of plastic) 


Submerged aerated filters with upward flow will be used. The packing 
medium will comprise plastic, with a specific surface area of 130 m?/m? 
and 95% void spaces. 

For effluent BOD < 30 mg/L, it will be adopted a surface loading rate (Ls) 
of 14 gBOD/m?-d (0.014 kgBOD/m?.d) 


Calculation of the volumetric organic load (L,) 


Ly = specific surface area of the packing medium x Ls 
= 130 m?/m? x 0.014 kgBOD/m?.d 
= 1.8 kgBOD/m?-d. 


Calculation of the SAF volume (V) 
V = OLe-uasg/Ly = (315 kgBOD/d)/(1.8 kg BOD/m?3-d) = 175 m? 


SAF area (A) 
Considering stone bed height of 3.0 m: 


A = Vh = (175 m)/(3.0 m) = 58 m? 


Adopt two units of 29 m°? each, with 5.4 m x 5.4 m, or two circular units with 
a diameter of 6.1 m each. 


height of the inlet compartment = 0.8 m 
height of the packing medium = 3.0 m 

water height over the packing material = 0.5 m 
total useful height = 4.3 m. 


Air demand (without nitrification) 
Identical to alternative (b) 


Secondary settling tanks 
Identical to alternative (b) 


Sludge production for dewatering 
Identical to alternative (b) 
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